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Abstract Paragraph Left (1) : 

In a circuit for supplying a load with a direct voltage, a diode is connected in a 
current path for supplying the load, a step-up converter is connected in the current 
paths parallel with the diode, and a control unit drives the step-up converter 
according to predetermined criteria in order to supply the load at least partially 
via the step-up converter. Such a circuit has advantageous power consumption 
characteristics. In comparison to conventional circuits that require an expensive 
filter, this circuit is more economical and/or has a smaller structural size. 

Brief Summary Paragraph Right (2) : 

The invention relates to a rirnnh for supplying a load with a direct voltage, in 
particular, for use in high- voltage power supply units, e.g. in the kW range. Such a 
power supply unit can, for example, be the power supply unit of a gradient amplifier 
or a resonance converter for a magnetic resonance tomograph apparatus, however, such 
a circuit is suitable for all other types of high-performance power supply units. 

Brief Summary Paragraph Right (4) : 

In order to supply a load with a direct voltage, the principle of rectification with 
capacitive smoothing is often applied. FIG. 1 shows, for example, a one-way 
rectifier in which a network alternating voltage U.sub.N is adjacent a diode 10 
acting as a rectifier diode. The diode 10 conducts only when the network voltage 
U.sub.N is across positive than an output voltage U.sub.Z across to a smoothing 
capacitor 12. If the smoothing capacitor 12 is constructed sufficiently large, the 
power consumption from the network takes place only within a narrowly limited time 
on both sides of the maximum of the network voltage U.sub.N. Current peaks thereby 
occur whose magnitude is in principle limited only by the network impedance. Such 
currant peaks cause undesired harmonics in the network, and lead to a flattening of 
the network voltage U.sub.N in the region near the voltage maximum. 

Brief Summary Paragraph Right (5): ') 

In order to reduce these undesired effects, the rectifier is conventionally not 
rii ractl y connected to the currant network, but rather via a passive filter (not 
shown in FIG. 1) . Such a filter limits and distributes the currant consumption from 
the network. At the power val ues that are of interest here, a sufficiently 
dimensioned filter is large, heavy and expensive. In addition, it is expected that 
the relevant regulations of the electrical utility companies will become more 
stringent in the future, causing the required expense to increase further. 

Brief Summary Paragraph Right ( 6 ) : 

FIG. 2 shows a known rectifier bridge circuit for a three-phase current network. 
Three network input terminals 20, 20' , 20" are connected respectively with rectifier 
branches via a filter 22. Each rectifier branch contains two diodes 24, 26; 24', 
26'; 24", 26" connected in series with the same polarity. The three rectifier 
branches are connected in para 11 el and with a smoothing capacitor 28. Overall, the 
c-i rnii t according to FIG. 2 provides an output voltage U.sub.Z which is always at 
least as large as the largest difference between each two phases of the three-phase 
current network. The negative side of the output voltage U.sub.Z is at an output 
terminal 30, and the positive side of the output voltage U.sub.Z is at to an output 
terminal 32. 

Brief Summary Paragraph Right (7) : 

In this three-phase rectifier circu-i t as well, for the reasons already cited the 
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filter 22 causes a considerable expense. 



pf Summary Paragraph Pight- (8) : 
An object of the present invention is to provide a ci rrui t for supplying a load with 
a direct voltage that has advantageous power consumption characteristics. In 
particular, it is an object to provide such a circuit that is more economical and/or 
has a smaller structural size than conventional rirrnit.fi that require an expensive 
filter. 

Brief Summary Paragraph Right (9) : 

The invention is based on the fundamental concept of supplying the load not only via 
one or more rectifier diodes, but in addition via at least one step-up converter. As 
used herein, the term "step -up converter" means any rirruit having an inductance and 
a switching element which uses the turn-off voltage surge of the inductance in order 
to achieve an output voltage that is higher in relation to an input voltage. With 
such a step-up converter, it is then possible to take power from a network phase 
even if the voltage of this phase (in relation to the lowest potential of the other 
phases) is lower than the output voltage. By this means, a more uniform network 
loading can be achieved. 

Brief Summary Paragraph Right (10) : 

According to the invention, the step -up converter is connected in parallel to the 
aforementioned diode in the rnrrpnt path in order to supply the load . This does not 
necessarily mean that these two components must be provided independently of one 
another. Rather, the diode can, besides its rectifier function, also serve as a 
component of the step-up converter. 

Brief Summary Paragraph Right (11) : 

In preferred constructions, the step-up converter is driven according to a supply 
voltage at the input side . The driving signals can have a predetermined frequency 
and/or pulse* duration, however, these parameters can also be variable and can be 
controlled or regulated. In a relatively simple construction, the step-up converter 
is activated if the supply voltage is at a predetermined minimum level, and, 
moreover, is below a predetermined limit value . In addition, the step-up converter 
can be driven dependent on the output voltage of the rirruit . 

Brief Summary Paragraph Right (12) : 

The step -up converter preferably is formed by can inductance (inductive component) , 
a diode and a switching element . The inductance can be connected with the supply 
voltage via the swi trhing element. 

Brief Summary Paragraph Right (14) : 

The ri rrui t contains a bridge rectifier circuit , however, alternatively the rirruit 
can be already supplied with a pulsed direct voltage. The rirruit is preferably 
designed for connection to a three-phase network with three phases or to an 
alternating voltage network with one phase and a directly grounded mndnrtor . 

Drawing Description Paragraph Right (1) : 

FIGS. 1 and 2, as noted above, show rectifier ri rrui ts according to the prior art. 
Drawing Description Paragraph Right (2) : 

FIG. 3 shows a cirruit diagram of the inventive rirruit . 
Drawing Description Paragraph Right (3) : 

FIGS. 4 show voltage and drive signal curves during operation of the inventive 
rirruit . 

Drawing Desrription Paragraph Right (4) : 

FIGS. 5a and 5b show voltage and currant curves for a weak load and for a full load, 
respectively. 

Drawing Description Paragraph Right (5) : 

FIG. 6 shows an output voltage curves of the inventive rirruit under weak load and 
full load conditions. 

Detailed Description Paragraph Right (1) : 

The circuits shown in FIG. 1 and FIG. 2 have already been described above. The 
cirrui t according to FIG. 3 is based on the known three-phase rectifier ri rrui t 
according to FIG. 2. Here as well, three input terminals 20, 20' , 20", a filter 22, 
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three rectifier branches each formed from two diodes 24, 26; 24', 26'; 24", 26" # and 
a smoothing capacitor 28 connected across output terminals 30, 32 are provided. 
These components are likewise connected as shown in FIG. 2, and thus form a 
rectifier circuit for the three-phase network voltage across to the input terminals 
20, 20', 20". The filter 22 is known, and contains several inductances connected in 
the network lines, as well as several capacitors that are connected between the 
network phases and to ground. 

Detailed Description Paragraph Right (2) : 

An output voltage U.sub.Z is across a load that is formed by the smoothing capacitor 
28 as well as from additional components not shown in FIG. 3. The load is supplied 
with power via several current paths . These current paths proceed respectively via 
the diodes 24, 24', 24". The circuit according to FIG. 3 can, for example, be 
provided in a power supply unit of a gradient amplifier . The output voltage U.sub.Z 
is then, for example, the intermediate cironi t voltage of this power supply unit. 

Derailed npsrnpfi'nn Paragraph Pight (3) : 

A step-up converter is connected in paral 1 el with each of three diodes 24, 24*, 24". 
Each step-up converter includes an inductance 34, 34', 34", a diode 36, 36' , 36" 
connected in series therewith, and a switch i ng element 38, 38', 38". In the step-up 
converter arranged parallel to the. diode 24, a first terminal of the inductance 34 
and a first terminal of the swi tching element 38 are connected with the anode of the 
diode 36. The second terminal of the inductance 34 is connected with the anode of 
the diode 24, and the cathodes of the two diodes 24 and 3 6 are connected together. 
The second terminal of the rwi tching element 38 is connected with the negative pole 
of the output voltage U.sub.Z, i.e. with the anodes of the three diodes 26, 26', 26" 
and with the output terminal 30. The two additional step-up converters are 
constructed correspondingly. As switching elements 38, 38', 38", MOSFETs or IGBTs or 
other electronic switches can be used for example. 

Detailed Description Paragraph Right (4) : 

A control 40 is provided for the production of swi tchi ng signals for the three 
swi tching elements 38, 38 f , 38". As input values , the control units 40 picks off the 
supply voltages U.sub.V, U.sub.V, U.sub.V" at to the diodes 26, 26', 26", as well 
as the output voltage U.sub.Z. The negative pole of the output direct voltage 
U.sub.Z, at the output terminal 30 serves as a common reference. 

Detailed Description Paragraph Right (5) : 

The c i r cu i t according to FIG. 3 can be used in several operating modes, according to 
the characteristics to be achieved. In a particularly simple operating mode, the 
switching elements 38, 38 f , 38" are operated by the control unit 40 with a constant 
swi tching frequency of several kilohertz (for example, 20 kilohertz) . This switching 
frequency, the pulse duration, and the size of the inductances 34, 34', 34" are 
matched to one another. For example, when the switching element 38 is activated, the 
supply voltage U.sub.V is across to the inductance 34. In this time period, a 
current builds up in the inductance 34. When the switching element 38 is turned off, 
there arises a turn-off voltage \ surge . If the turn-off voltage is greater than 
U.sub.Z, it is across to the load via the diode 36. By this means, the energy stored 
in the inductance 34 is provided to the load . 

Detailed Description Paragraph Right (6) : 

As a result, by means of this swi tching arrangement it is possible to take the 
required power much more uniformly than with a simple rectifier circuit . If, in an 
embodiment, the switch- on time of the switching elements 38, 38', 38" and the 
switching frequency are kept constant, the current consumption of a step-up 
converter from a network line is linear to the respective current network voltage. 
This corresponds to a purely ohmic characteristic. 

Detailed Description Paragraph Pight- (7) : 

In alternative embodiments, the step-up converters are activated only 
intermittently. In particular, embodiments are provided in which a step-up converter 
operates only when the supply voltage U.sub.V, U.sub.V, U.sub.V" , at to this 
step-up converter is smaller than a predetermined threshold voltage U.sub.S. The 
threshold voltage U.sub.S can in particular be defined as a fraction of a peak 
voltage U of the current network. 

Detailed Description Paragraph Right (8) : 

Such an embodiment is illustrated in FIG. 4 Diagram a shows sinusoidal voltage 
curves of the three-phase network phases U.sub.L, U.sub.L', U.sub.L" in a 
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representation symmetrical to a null voltage. In diagram b, the same voltage curves 
as in diagram a are shown, but as a reference voltage for each phase the respective 
lower value, of the other two phases is always used. This corresponds to the supply 
voltages U.sub.V, U.sub.V, U.sub.V" of FIG. 3. Diagram c shows, as examples, the 
supply voltage U.sub.V, the threshold voltage U.sub.S and the peak voltage U. 

Detailed Description Paragraph Right (9) : 

Diagram d shows the switching signals produced by the control units 40 for the 
switching element 38. From diagram d, it can be seen that the step-up converter 
allocated to the diode 24 is active only when the supply voltage U.sub.V is 
genuinely greater than 0 volts but is smaller than the threshold voltage U.sub.S. 
This is also true for the other two step-up converters, as is shown in diagram e for 
the switching signal supplied to the switching element 38' and in diagram f for the 
switching signal supplied to the switching element 38". 

Detailed Description Paragraph Right (11) : 

In all specified embodiments, the power of the step-up converters can be limited to 
a part of the overall required power. For Example, given a power supply unit with 20 
kW power, the three step-up converters can each be designed at 3 kW. In this case, 
the current consumption takes place only via the step-up converters, as long as the 
power consumption of the load is smaller than the efficiency thereof. 

Detailed Dfiarription Paragraph Right (12) : 

Weak load operation is shown schematically in FIG. 5a. The broken lines 42 indicate 
the flow of current through the step-up converters. During the negative half wave of 
the network phase U.sub.L, the supply to the load of course does not take place via 
the step-up converter allocated to the diode 24, but rather via the other two 
step-up converters. 

Detailed Description Paragraph Right (13) : 

Given a higher power requirement, cur rent over the normal rectification is 
additionally consumed. This current consumption takes place (as already depicted 
above) only during the maxima of the input voltages, i.e., at inherently undesirable 
times. However, since this curre n t consumption relates only to the additionally 
required power, the current strengths that occur are smaller than without a step -up 
converter. For this reason, the filter 22 can be dimensioned relatively small. FIG. 
5b shows such a full load operation, whereby the broken lines 44 indicate the peak 
load supplying by means of the rectifier diodes. The activation intervals of the 
step -up converters shown in FIG. 5a and FIG. 5b deviate from those according to FIG. 
4d to FIG. 4f. 

Detailed Description Paragraph Right (14) : 

In addition, in all embodiments specified herein, a suitable no -load voltage 
regulation of the step-up converters is provided. FIG. 6 shows the output voltage 
U.sub.Z in a no-load or weak load operation (left half) and in a full load operation 
(right half) . In no-load operation, the control means 40 ensures that a maximum 
output voltage U.sub.Z is not exceeded. For tiiis purpose, for example the pulse 
width of the drive signals for the switching elements 38, 38 38" can be reduced, ' \ 
or the step-up converters can all be switched off together. In full load operation, 
the step-up converters influence the output voltage U.sub.Z only slightly, so that a 
similar ripple occurs as in the three-phase rectifier bridge shown in FIG. 2. 

Detailed Description Paragraph Right (15) : 

In further versions the frequency and/or the pulse duration (duty cycle) and/or 
other characteristics of the drive signals can be modified (regulated) according to 
the momentary operating state . By means of such control or regulation, particularly 
advantageous characteristics can be achieved with respect to current consumption 
and/or the output voltage and/or the load distribution within the rirnn t . 

Detailed Description Paragraph Right (16) : 

In further embodiments, the control units 40 drives, the switching elements 38, 38', 
38" with a common clock. This results in a simpler c i rni i t design. In alternative 
embodiments, clock signals offset to one another are provided for the swi trhing 
elements 38, 38', 38", with the effective clock frequency being increased and the 
ripple is reduced. 

CLAIMS : 

1. A ci rcui t for supplying a load with a direct voltage, comprising: 
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a three-phase rectifier bridge cirmi t comprising three rectifier branches, wherein 
each of said rectifier branches supplies a respective supply voltage to a respective 
current path for supplying said load, 

three step-up converters, each of said step-up converters being connected in 

pa ra 1 lei to a respective diode, each of said diodes being arranged in a respective 

one of said current paths for supplying said load, and 

a control unit connected to said step-up converters and driving said step -up 
converters according to predetermined criteria for supplying said load at least 
partially through said step-up converters. 

2. A circuit as claimed in claim 1, wherein said control unit drives each of said 
step-up converters dependent on a respective one of said supply voltages. 

3. A circui t as claimed in claim 2, wherein said control unit activates each step-up 
converter only when said respective one of said supply voltages is lower than a 
predetermined threshold voltage. 

4. A circuit as claimed in claim 1, wherein each of said step-up converters 
comprises an inductive component, and a diode connected in series with said 
inductive component, and a switching element operated by said control unit for 
connecting said inductive component to said respective one of said supply voltages. 

5. A circuit as claimed in claim 1, wherein said control unit is adapted for 
limiting an overall output voltage of said circuit to a predetermined maximum value 
under an operation selected from the group consisting of a no-load condition and a 
wea k- load condition. 

6. A circuit as claimed in claim 1, wherein said load comprises a gradient 
amplifier . 

7. A circuit for supplying a load with a direct voltage, comprising: 

a bridge rectifier comprising a plurality of pairs of diodes, each of said pairs of 
diodes forming a respective rectifier branch, wherein each of said rectifier 
branches supplies a respective supply voltage to a respective current path for 
supplying said load, 

a step -up converter comprising an inductive component and a diode connected in 
series with said inductive component, 

a control unit connected to said step-up converter for driving said step-up 
converter according to predetermined criteria for supplying said load at least 
partially through said /step-up converter, wherein 

i\ 

said inductive component and said diode of said step-up converter are connected 
directly in parallel to one of said diodes of said bridge rectifier. 

8. A circuit as claimed in claim 7, wherein said control unit drives said step -up 
converter dependent on that one of said supply voltages that is connected across 
that one of said current paths that is associated with said step-up converter. 

9. A circuit as claimed in claim 8, wherein said control unit activates said step-up 
converter only when said one of said supply voltages is lower than a predetermined 
threshold voltage. 

10. A circuit as claimed in claim 7, wherein said step-up converter further 
comprises a switching element through which said inductive component is connectable 
to that one of said supply voltages that is connected across that one of said 
current paths that is associated with said step-up converter. 

11. A circuit as claimed in claim 7, wherein said control unit is adapted for 
limiting an overall output voltage of said circuit to a predetermined maximum value 
under an operation selected from the group consisting of a no -load condition and a 
wea k- load condition. 

12. A circuit as claimed in claim 7, wherein said load comprises a gradient 
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amplifier . 



13. A ci rnn t for supplying a load with a direct voltage, comprising: 
a three-phase bridge rectifier that comprises: 

a first rectifier branch comprising a first pair of diodes and supplying a first 
supply voltage to a first current path for supplying said load, 

a second rectifier branch comprising a second pair of diodes and supplying a second 
supply voltage to a second current path for supplying sai d load, and 

a third rectifier branch comprising a third pair of diodes and supplying a third 
supply voltage to a third current path for supplying said load, 

a first step-up converter comprising a first inductive component and a first diode 
connected in series with said first inductive component, said first inductive 
component and said first diode being connected directly in pa ra 1 1 g 1 to one diode of 
said first pair of diodes of said bridge rectifier, 

a second step -up converter comprising a second inductive component and a second 
diode connected in series with said second inductive component, said second 
inductive component and said second diode being connected directly i n parallel to 
one diode of said second pair of diodes of said bridge rectifier, 

a third step -up converter comprising a third inductive component and a third diode 
connected in series with said third inductive component, said third inductive 
component and said third diode being connected directly in parallel to one diode of 
said third pair of diodes of said bridge rectifier, and 

a control unit connected to said first, second and third step-up converters and 
driving said first, second and third step-up converters according to predetermined 
criteria for supplying said load at least partially through said first, second and 
third step-up converters. 

14. A circuit as claimed in claim 13, wherein said control unit drives said first, 
second and third step-up converters dependent on the respective one of said first, 
second and third supply voltages. 

15. A circuit as claimed in claim 14, wherein said control unit activates said 
first, second and third step-up converters only when said respective one of said 
first, second and third supply voltages is lower than a predetermined threshold 
voltage . 

16. A circuit as claimed in claim 13, wherein said first step-up converter further 
/comprises a first switching element through which said first inductive component is 

connectable to said first supply voltage, and said second step-up converter^ further 
comprises a second switching element through which said second inductive component 
is connectable to said second supply voltage, and said third step-up converter 
further comprises a third swi trhing element through which said third inductive 
component is connectable to said third supply voltage. 

17. A circuit as claimed in claim 13, wherein said control unit is adapted for 
limiting an overall output voltage of said circuit to a predetermined maximum valnp 
under an operation selected from the group consisting of a no -load condition and a 
wea k- load condition. 

18. A ci rnnt as claimed in claim 13, wherein said load comprises a gradient 
ampl i f i er . 
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DOCUMENT- IDENTIFIER: US 61408 73 A 

TITLE: Power amplifier with soft switchi ng and multilevel switching cells 
Abstract Paragraph Left (1) : 

A power amplifier for delivering large currents as well as high voltages of the 
order of some hundreds of amperes and 1000 or more volts, notably for MRX. The 
amplifier is constructed as a multilevel inverter in order to comply with the 
requirement of high voltages while utilizing transistors capable of withstanding 
lower voltages only. The amplifier is arranged for soft swi tch-i ng, so that the 
switching losses at said large nirrpnts are limited. 

Brief Summary Paragraph Right (2) : 

The invention relates to a power amplifier for delivering large currents as well as 
high voltages. 

Brief Summary Paragraph Right ( 4 ) : 

Ampl ififirs of this kind can be used for a large variety of applications. Even though 
the invention will be described on the basis of an application in the magnpt i r 
resonance imaging (MR I) technique, notably for driving the gradient coils of an MRT 
apparatus, the application of the invention is by no means restricted to such a 
technical field. 

Brief Summary Paragraph Right (5) : 

MR I systems utilize power amplifiers for driving the coils which generate so-called 
gradi snt fields. Such gradient fields are magnetic fields having a strength which 
varies linearly in a given co-ordinate direction in order to define the location of 
the image to be formed by means of the MRI apparatus by addition of this gradient 
field to a strong steady, uniform field. To this end, current pulses of an intensity 
of the order of magnitude of more than 600 A at a voltage of the order of magnitude 
of more than 500 V are applied to the gradient mi 1 s , the rise time of the pulses 
being of the order of magni tude of 0.2 ms whereas the pulse duration is of the order 
of magnitude of from 1 ms to 10 ms . ^ 

Brief Summary Paragraph Right (6) : 

Thus, in the context of the present invention large nir -rents are to be understood to 
mean currents of the order of magnitude of several hundreds of amperes, and high 
voltages are to be understood to mean voltages of the order of magnitude of one 
thousand volts or more. 

Brief Summary Paragraph Right (7) : 

Nowadays there is a tendency towards shorter rise times with larger maximum currents 
so as to reduce the time required for the acquisition of MRX information for the 
formation of an MRT image; this offers advantages inter alia in respect of image 
sharpness and also in respect of imaging of moving objects. Because the gradi ent 
coils exhibit an inductive behavior to the driving amplifier, a higher voltage is 
required so as to achieve a shorter rise time of the pulses. Increasing the currents 
and the voltages to be supplied by the amplifier, in combination with a shorter rise 
time, gives rise to problems concerning the electronic components in the ampl i f i er . 
Losses in the semiconductor components cause a significant development of heat, 
giving rise to cooling problems. These problems can be mitigated partly by using a 
switched inverter, that is to say an amplifier whose transistors which carry the 
output current are switched to be either completely turned on or completely turned 
off. Switching to the turned-off or turned-on state is controlled by means of a 
pulse width modulated (PWM) signal. The output voltage of the inverter is then 
determined by the duty cycle of the PMW signal . 
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Brief Summary Paragraph Right- (8) : 

Other problems are encountered when the desired output voltage is increased and/or 
the desired rise time is reduced: the desired voltage may be so high that no 
transistors are available or, should they be available, they have a stray 
capacitance which is so high that the PWM switching frequency (of the order of 
magnitude of 20 kHz) required for the relevant application can no longer be reached. 
Moreover, in the case of a high supply voltage the voltage transients at the output 
of the amplifier, but preceding the output low-pass filter, in response to the 
switching of the amplifier transistors would become so high that the higher harmonic 
content of the output signal would become so high that the output low-pass filter 
would have to satisfy very severe requirements. The latter problems can be partly 
mitigated by using a switched amplifier of the multilevel type (multilevel 
inverter) . 

Brief Summary Paragraph Right (9) : 

In an inverter of this type the total voltage is distributed between two or more 
series -connected transistors, means being provided so as to prevent the total 
voltage from still being present across a single transistor due to, for example 
inequalities of the transistors {for example, due to individual spreads caused by 
manufacturing tolerances) . Such means consist of one or more capacitors which are 
connecte d parallel to a part of the series connection of the transistors and always 
carry a more or less constant fraction of the total voltage present across the 
series connection of the transistors. Inverters of this kind are known per se, for 
example from an article in EPE Journal, Vol. 3, No. 2, June 1993, pp. 99-106, 
entitled "Imbricated cells Multi -Level Voltage Source Inverters for High Voltage 
Applications" . 

Rrief Summary Paragraph Right (10) : 

In these known multilevel inverters use can thus be made of transistors (generally 
semiconductor elements) , each of which has a breakdown voltage which is lower than 
the total voltage present across the ci rmi t , and hence also lower than the output 
voltage of the circuit . in this known ci rmi t f however, the problem in respect of 
the power losses in the semiconductor components and the associated cooling problems 
are not solved completely, notably not in respect of the required high PWM swi tchi ng 
frequencies. These power losses consist of aw-i t.rMi ng losses an d conduction losses 
due to the resistance of the material of the various components . 

Brief Summary Paragraph Right (11) : 

Due to the high output voltages and the high switching frequency, the switching 
losses usually are predominant in ampl -i f -i prs for high powers and high PWM switching 
frequencies. Such switching losses occur because the swi trhing transistor switches 
over from the turned-on to the turned-off state or vice versa. In the turned-on 
state the current through the transistor has a given value, but the voltage across 
the transistor is substantially zero or very small in any case (for example, 0.5 V) ; 
■M in the turned-off state the voltage across the transistor has a give n value, but the 

current across the transistor is! practically zero. During the swi f rhfhg -nvpr from 
one state to the other, however, a product of current and voltage occurs; this 
implies power dissipation. 

Brief Summary Paragraph Right (12) : 

It is known per se to reduce switching losses by means of a so-called "soft 
switching" technique. When this technique is used, the instant of the transition 
from the turned-o n state to the turned-off state or vice versa (the switching ) is 
chosen in such a manner that either the current through the switch is zero or 
practically zero ("Zero Current Switching ") or the voltage across the swi tch is zero 
or practically zero ("Zero Voltage Switching " ) . Thus, the product of current and 
voltage is substantially zero in both cases. Inverters operating with such a 
switching mode are known per se, for example from an article in "Conference Record 
of the IEEE Industry Application Society Annual Meeting", 1990, Vol. 2, pp. 
1228-1235, entitled "The Auxiliary Resonant Commutated Pole Converter". The 
inverters disclosed in the latter article, however, are not of the multilevel type, 
so that the described problems in respect of the high voltages are not solved. 

Brief Summary Paragraph Right (13) : 

It is an object of the invention to provide a power amplifier of the inverter type 
for delivering large currents as well as high voltages, which amplifier utilizes 
semiconductor switches having a breakdown voltage which is lower than the supply 
voltage and involves only slight switching losses occur. A power amplifier of this 
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kind includes a cascade of multilevel swi tching cells, each multilevel switrhi ng 
cell including an input and an output and being provided with two controllable 
swi trhfis, with a respective diode which is connected antiparallel thereto, said 
diodes being connected in mutually opposed forward directions, each time one end of 
the two switches constituting one of the input terminals of the swi tching cell and 
the other ends of the two switches forming the output terminals of the switching 
cell, said switching cells forming a cascade in that the output terminals of a 
preceding switching cell are connected to the input terminals of a subsequent 
swi tchi ng cell, a capacitor being connected between said interconnected input 
terminals and output terminals and a power supply source being connec table to said 
cascade of switching cells, said amplifier also including an inductive element one 
end of which is connected to the output of the amplifier, and at least two 
controllable swi tches which are connected to the other end of the inductive element, 
a first one of said switches being connected to a point carrying a voltage which is 
higher than the output voltage of the amplifier whereas a second sw-i trh is connected 
to a point carrying a voltage which is lower than the output voltage of the 
amplifier . 

Brief Summary Paragraph Right (14) : 

In the cited article "Imbricated cells . . . etc.", notably in FIG. 4 thereof, each 
multilevel switching cell consists of two associated transistors with a diode 
connected antiparallel thereto. In this context an "antiparallel connected diode" is 
to be understood to mean a diode which is connected parallel to the main current 
path of the transistor and whose forward direction opposes that of the mai n current- 
path of the transistor. Each of the controllable switches is formed by a respective 
transistor whose base constitutes the control input. The input of such a multilevel 
swi tching cell is formed by two terminals, the first of which is formed by the 
junction of the cathode of a diode and the collector of the associated transistor, 
the second terminal being formed by the junction of the anode of the other diode and 
the emitter of the associated transistor. The output of such an element is formed by 
two terminals, the first of which is formed by the junction of the anode of the 
first diode and the emitter of the first transistor whereas the second terminal is 
formed by the junction of the cathode of the other diode and the collector of the 
associated transistor. 

Brief Summary Paragraph Right (15) : 

Between the interconnected input terminals and output terminals there is connected a 
capacitor which is and remains charged during operation in such a manner that across 
this capacitor there is present a voltage which amounts to a substantially fixed 
fraction of the supply voltage, i.e. the voltage originating from the power supply 
source to be connected. Consequently, not the full supply voltage is present across 
each transistor and in order to build a switched power supply intended to form a 
power ampl ifipr it suffices to use transistors having a breakdown voltage which is 
lower than the input voltage of the amplifier to be switched. For example, in the 
case of a cascade comprising two stages, approximately half the supply voltage is 
present across said capacitor, so that in all cases no more than approximately half 
the supply voltage will be present across each 'transistor. If the number of stages f\ 
is larger, a lower fraction will be present across each of the capacitors, so that 1 
for each transistor also a lower fraction of the input voltage remains. 

Brief Summary Paragraph Right (16) : 

In order to solve said problems concerning the power losses (so the dissipation in 
the switching transistors) due to the high output voltages, in accordance with the 
invention a capacitor is connected parallel to each controllable switch, the 
amplifier also being provided with an inductive element, one end of which is 
connected to the output of the amplifier, and with at least two controllable 
switches which are connected to the other end of the inductive element, a first 
resonant switch of said switches being connected to a point carrying a voltage which 
is higher than the 

Brief Summary Paragraph Right (17) : 

output voltage of the amplifier whereas a second resonant switch is connected to a 
point carrying a voltage which is lower than the output voltage of the ampl i f i er _ 

Brief Summary Paragraph Right (18) : 

These steps ensure a resonant switching procedure for the switching transistors, so 
that the instant of swi tching of these transistors can be chosen in such a manner 
that at that instant the voltage thereacross or the current therethrough is zero. A 
resonant switching procedure is to be understood to mean a procedure in which such a 
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currentless or voltageless stare is reached in that a resonant ci rrui t is formed by 
the capacitors, connected parallel to the switches, and said inductive element. Said 

swi tches f in this case called resonant swi tches, control the current distribution of 

the current through the inductive element in such a manner that the desired 
currentless or voltageless state is obtained at the desired instants. Thus, the 
invention innovatively combines the multilevel inverter technique with the soft 
swi tching technique . 

Brief Summary Paragraph Right (19) : 

The power amplifier in an embodiment of the invention is provided with a third 
controllable resonant switch which is connected to the other side of the inductive 
element and to a point carrying substantially half the supply voltage. This offers a 
further refinement of the voltage with which the nirrent. through the inductive 
element is switched so that the desired zero level of the current or the voltage is 
reached faster; this step can also be taken to ensure that the power dissipation in 
the resonant swi tches is reduced because the current or voltage to be switched is 
thus lower. 

Brief Summary Paragraph Right (20) : 

In a further embodiment of the invention a capacitor is connected parallel to each 
of the resonant switches in the power amplifier . This step also yields "soft 
switching " of the resonant switches, offering an additional gain in respect of the 
dissipation of the amplifier, notably in the case of high powers. 

Brief Summa ry Pa rag raph R i gh t (21) : 

In another embodiment of the invention, the point with substantially half the supply 
voltage in the power amplifier is realized by voltage division by means of two 
capacitors connected between the points whereto a power supply source can be 
connected. It would be feasible to derive half the supply voltage from a separate 
power supply apparatus, or by means of a resistance voltage divider. Both feasible 
solutions have their own drawback: separate power supply apparatus are expensive and 
comparatively vulnerable, and resistors dissipate power. The step according to the 
invention, however, ensures that only little power is lost whereas the desired point 
with half the supply voltage can still deliver current with a low impedance. Because 
these capacitors participate in the resonant process, they are charged or discharged 
during operation in such a manner that the junction of the two capacitors is always 
driven to half the supply voltage. 

Brief Summary Paragraph Right (22) : 

The power amplifier in another embodiment of the invention is provided with a 
cascade of n multilevel switching cells and with n supply points, the i.sup.th 
supply point delivering a voltage substantially equal to i/n times the voltage from 
the power supply source, the amplifier furthermore being provided with n 
controllable resonant switches which are connected to the other side of the 
inductive element, the i.sup.th switch of the resonant switches being connected to 
the i.sup.th supply point. As a result of this step, the principle of the invention 
is further generalized to an n-level amplifier whose resonant , process is driven from 
n equidistant voltages. The amount of power lost is thus further minimized and the 
ripple on the output signal of the amplifier becomes much smaller, so that the 
output low-pass filter need only satisfy less severe requirements. 

Brief Summary Paragraph Right (23) : 

The power amplifier in a further embodiment of the invention is provided with a 
capacitor which is connected parallel to each of the resonant switches . This step 
ensures that soft switching of the resonant switches is also achieved in the 
generalized form of the power amplifier, yielding an additional gain in respect of 
the dissipation of the amplifier, notably in the case of high powers . 

Drawing Description Paragraph Right (2) : 

FIG. 1 shows diagrammatically the general construction of a magneti c resonance 
apparatus ; 

Drawing Description Paragraph Right (3) : 

FIG. 2 shows a first embodiment of the power ampl i f i er according to the invention ; 
Drawing Description Paragraph Right (4) : 

FIG. 3 shows, in order to illustrate the principle of soft switching, an amplifier 
which is not constructed as a multilevel inverter ; 
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Drawing Description Paragraph Right. (5) : 

FIG. 4 shows a second embodiment of the power amplif i er according to the invention. 



Detailed Description Paragraph Right (1) : 

The magnetic resonanrp imaging apparatus which is diagrammatically shown in FIG. 1 
includes a first magnet system 1 for generating a steady magnetic field B, a second 
magnet system 3 (the gradient coil system) for generating magnetic gradient fields, 
a power amplifier 7 for the gradient coil system 3 , and a power supply source 5 for 
the first magnet system 1. An RF coil 9 serves to generate an RF magnetic 
alternating field; to this end it is connected to an RF transmitter device which 
includes an RF source 11. The RF coil 9 can also be used for the detection of spin 
resonance signals generated by the RF transmitter field in an object to be examined 
(not shown) ; to this end, this coil is connected to an RF receiver device which 
includes a signal amplifier 13. The output of the signal amplifier 13 is connected 
to a detector circuit 15 which is connected to a central control device 17. The 
central control device 17 also controls a modulator 19 for the RF source 11, the 
power ampl if ier 7 and a monitor 21 for image display. An RF oscillator 23 controls 
the modulator 19 as well as the detector 15 processing the measuring signals. For 
the cooling of the magnet coils of the first magnet system 1 there is provided a 
cooling device 25 which includes cooling ducts 27. The RF coil 9, being arranged 
within the magnet systems 1 and 3, encloses a measuring space 29 which, in the case 
of an apparatus for medical diagnostic measurements, is large enough to accommodate 
a patient to be examined or a part of the patient to be examined, for example the 
head and the neck. Thus, a steady magnetic field B, gradient fields for the 
selection of object slices, and a spatially uniform RF alternating field can be 
generated in the measuring space 29. The RF coil can combine the functions of 
transmitter coil and measuring coil, in which case a separating ci rcuit 14 is 
provided so as to separate the forward and return signal traffic. However, different 
coils can also be used for these two functions; for example, surface coils then act 
as measuring coils. If desired, the coil 9 may be enclosed by an RF field shielding 
Faraday cage 31. 

Detailed Description Paragraph Right (2) : 

FIG. 2 shows a power amplifier 7 according to the invention as can be used for the 
power supply of the gradient coil system 3 shown in FIG. 1. The power ampT i f i 
includes a cascade of n multilevel swi tr.hing cells (34) , only the swi tnhing cells 
34-1, 34-2 and 34-n thereof being shown in the Figure. All switching cells have the 
same construction; therefore, the construction of the switching cells will be 
described on the basis of one switching cell, i.e. the switching cell 34-1. Two 
controllable switches 36 and 38 are connected between the input 44 and the output 46 
of the switching cell. These control 1 ahl p switches are preferably constructed as a 
semiconductor element of a suitable form, for example a thyristor or an IGBT 
transistor (Insulated Gate Bipolar Transistor) , the latter being particularly 
suitable for switching large nirrgnts at high voltages. A diode 40, 42 is connected 
antiparallel to each of the transistors 36 and 38, which means that this diode is 
connected parallel to the mai n current .path of the associated transistor; however, 
its forward direction opposes that of t'he transistor. The two diodes 40 and/42 are 
also connected so as to have a mutually opposed forward direction. Furthermore, a 
respective capacitor 52, 54 is connected parallel to each controllable swi ten 36, 
38. The input 44 of the switching cell 34 thus consists of two connection terminals, 
one of which is formed by one of the connection points of said parallel connected 
elements 36, 40 and 54 whereas the other input terminal is formed by one of the 
connection points of said parallel connected elements 38, 42 and 52. The output 46 
of the swi tchi ng cell 34 also consists of two connection terminals, one of which is 
formed by the other connection point of sai d parallel connected elements 36, 40 and 
54 whereas the other output terminal is formed by the other connection point of said 
paral 1 pi connected elements 38, 42 and 52. 

Detailed Dfisrri pt i nn Paragraph Right (3) : 

The switching cells 34-1 to 34-n are combined so as to form a cascade by connecting 
the output terminals 46 of a preceding switching cell (for example, 34-1) to the 
input terminals 44 of a subsequent switching cell 34-2. The input 44 is connected to 
the output 46 by interconnecting the corresponding connection terminals of the input 
and the output. A capacitor 48 is connected between the set of terminals consisting 
of the input terminal and the corresponding output terminal thus interconnected on 
the one side and the other set of terminals on the other side. A power supply source 
50 is also connected to the cascade of switching cells. 

Detail ed Description Paragraph Right (4) : 
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The amplifier 7 is also provided with a self -inductance 58 , one side of which is 
connected to the output 46-n of the ampli£iej:. A parallel connection of three 
gwi tches 60-1, 60-2 and 60-3 is connected to the other side of the self -inductance 
58. Hereinafter these swi tphps will be referred to as resonant switches because of 
their function (to be described hereinafter) concerning the resonant phenomenon 
during the soft switching of the transistors of the power amplifier which carry the 
output current . The first (60-1) of these three resonant switches is connected to 
the positive side of the supply source 50, so to a point carrying a voltage which is 
higher than the output voltage of the ampl i f i er (i.e. the voltage at the output 
46 -n) ; the second switch 60-2 is connected to the negative side of the supply source 
50, so to a point carrying a voltage which is lower than the output voltage of the 
amplifier . Between the positive side and the negative side of the power supply 
source 50 there is connected a series connection of two identical capacitors 66 and 
68; the connection point 62 of this series connection thus constitutes a point 
carrying substantially half the supply voltage. The third resonant switch 60-3 is 
connected between the self -inductance 58 and the connection point 62. 

Detailed Description Paragraph Right (5) : 

A load 70 is connected to the output 46-n of the ampl ifip.r 7. When the ampl i f i pr is 
used in an MR I apparatus, the gradient roil to be fed forms part of said load . 
However, in a " switched inverter" a low-pass filter for removing the swi tching 
frequency from the supply signal is customarily connected between the output of the 
amplifier and the impedance to be fed. In this case it is assumed that this low-pass 
filter forms part of the load 70. 

Detailed Description Paragraph Right ( 6 ) : 

It is to be noted that the amplifier shown in FIG. 2 could constitute only one half 
of the overall amplifier whereby the gradient coil is driven. This is the case when 
the load 70 is to be supplied with a nirrpnt in two dirprtinns . In that case an 
identical amplifier section is situated to the other side of the load 70, so that 
the overall amplifier is formed by two half bridges, one of which is shown in FIG. 
2. However, the foregoing does not have any bearing on the principle of the 
invention . 



Detailed Description Paragraph Right (7) : 

In order to clarify the soft switching in a switched amplifier, such soft switching 
will first be illustrated with reference to FIG. 3, which shows a switched amplifier 
which is not of the multilevel type, i.e. an amplifier in which the total voltage is 
not distributed between two or more series-connected transistors. Thus, therein the 
total voltage is present across one transistor only. 

Detailed Description Paragraph Right ( 8 ) : 

FIG. 3 shows a so-called half bridge for feeding the load 70. In comparison with 
FIG. 2, in this half bridge the transistors 36-1 to 36 -n and 38-1 to 38 -n have been 
replaced by the transistors 36 and 38, respectively; the diodes 40-1 to 40-n and 
42-1 to 42 -n hav ( e" ( been replaced by the diodes 40 and 42, respectively, and the 
capacitors 52-1 to 52 -n and 54-1 to 54 -n have been replaced by the capacitors 52 and 
54, respectively. The combination formed by the resonant switches 60-1, 60-2 and 
60-3 and the capacitors 64-1, 64-2 and 64-3 has been replaced by the circuit 72. The 
circuit 72 consists of two parallel branches, the first parallel branch consisting 
of a series connection of two transistors 74 and 76 which are connected so as to 
have opposed forward directions whereas, the second paral 1 el branch consists of a 
series connection of two diodes 78 and 80 which are also connected so as to have 
opposed forward directions. 

Detailed Description Paragraph Right (9) : 

Three situations will be considered in order to illustrate the soft switching in the 
circui t shown in FIG. 3: (I) switching over from the diode 42 conduct i vp to the 
transistor 36 conductive; (II) switching over from the transistor 36 conductive to 
the diode 42 conductive in the case of small currents ; (III) switching over from the 
transistor 36 conductive to the diode 42 conductive in the case of large currents . 

Detailed Description Paragraph Right (10) : 

In the situation I it is assumed that the transistors 36 and 38 and the diode 40 are 
not conductive ("off"), that the diode 42 is conductive ("on"), and that the 
transistor 36 is turned on ("is switched on"). In this starting situation a current 
flows through the diode 42 to the load 70 via the output 46. In order to start the 
switching process, the transistor 76 is switched on. As a result, half the supply 
voltage of the point 62 appears across the self -inductance 58. The current through 
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the self -inductance 58 then increases linearly in time. During this period the 
transistor 38 is swi tched on but it does not conduct current while the current 
through the diode 42 decreases linearly. The nirrenf. through the load 70 is then 
assumed to be constant. 



Detailed Dfisrri pt i on Paragraph Right (11) : 

When the current through the self -inductance 58 becomes larger than the current 
through the load 70, the so-called boost phase commences. The current through the 
diode 42 becomes zero (diode 42 is switched off) and the current through the 
transistor 38, being the boost current , then becomes equal to the cur-rent through 
the self -inductance 58 minus the current through the load 70. The boost current 
through the transistor 38 increases linearly in time, so that the duration of the 
boost phase (and hence the value of the boost current) can be controlled with a 
simple time delay. It is to be noted that the direction of the recovery current in 
the diode 42 is such that this current also adds boost energy and hence contributes 
to the switching process. 

Detailed Description Paragraph Right (12) : 

When the boost current reaches the desired value, the transistor 38 is switched off 
so that the resonant swi tchi ng phase commences. The voltage at the output 46 
abandons the value of the negative supply voltage and swings to the positive supply 
voltage because the current flowing through the transistor 38 flows to the resonant 
capacitors 52 and 54 during swi tchi ng off. If the transistor 38 still has a tail 
current , switch-off losses will occur. During this phase the current through the 
self -inductance 58 consists of a half period of a sinusoidal current superposed on a 
DC load current. 



Detailed Description Paragraph Right (13) : 

When the voltage at the output 46 tends to exceed the positive supply voltage, the 
so-called clamping phase commences. The diode 40 is then polarized in the forward 
direction, so that the output 46 is connected to the positive supply voltage. At 
that instant the transistor 36 is switched on without switching losses. The residual 
boost energy still present in the self -inductance 58 then disappears to the 
capacitors 66 and 68 because the current through the self -inductance 58 decreases 
linearly as imposed by the half supply voltage at the point 62. 

Detailed Description Paragraph Right (14) : 

When the current through the self -inductance 58 becomes smaller than the current 
through the 1 nad 70, the so-called ramp down phase commences; the current through 
the self -inductance 58 still decreases during this phase. The current through the 
load 70 is then taken over by the transistor 36. 

Detailed Description Paragraph Right (15) : 

The swi tohing procedure ends when the current through the self -inductance 58 becomes 
zero and the transistor 76 is switched off. 

Detailed Description Paragraph I^ight (16) : f\ 
In the situation II ( switching over from the transistor 36 swi tched oh to the diode 
42 swi tched on for small currents) it is assumed that the transistor 36 is swi tched 
on, that the other transistors and diodes are not switched on, and that the 
transistor 36 is swi tched off so that the diode 42 takes over the current . 



Detailed Description Paragraph Right (17) : 

In order to start the switching process, the transistor 74 is switched on. As a 
result, half the supply voltage as present at the point 62 will appear across the 
self -inductance 58. The boost phase of the switching process then commences 
immediately, so that the current through the self -inductance 58 increases linearly 
in time. This boost current again serves to start the resonant cycle by supplying a 
sufficient amount of energy for bridging the losses occurring during the switching 
phase. During this boost phase the boost current plus the current through the load 
70 flows through the transistor 36, so that the current through this transistor is 
briefly increased. (It is to be noted that this procedure holds for small 1 oad 
currents, i.e. when the current through the load 70 is much smaller than the maximum 
current through the transistor 36, so that an increase of the current does not lead 
to additional loading of the switching transistor.) 

Detailed Description Paragraph Right (18) : 

When the boost current reaches the desired value, the transistor 36 is swi tched off 
so that the resonant switching phase commences. The voltage at the output 46 
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abandons the valup of the positive supply voltage and swings to the negative supply- 
voltage; the current flowing through the transistor 36 during switching off is then 
taken over by the resonant capacitors 52 and 54 . During this phase the_curjcenL 
through the self -inductance 58 consists of a half period of a sinusoidal current 
superposed on the boost current . 

Detailed Description Paragraph Right (19) : 

The so-called clamping phase commences when the voltage at the output 46 tends to 
drop below the negative supply voltage. As a result, the diode 42 is polarized in 
the forward direction, so that the output 46 is connected to the negative supply 
voltage. At that instant the transistor 38 is switched on without switching losses. 
The residual boost energy still present in the self -inductance 58 disappears to the 
capacitors 66 and 68 because the current through the self -inductance 58 decreases 
linearly as imposed by the half supply voltage at the point 62 . 

Detailed Description Paragraph Right (20) : 

The swi tching procedure ends when the current through the self-induction 58 becomes 
zero and the transistor 74 is switched off. The full current through the load 70 
then flows through the diode 42 . 

Detailed Description Paragraph Right (21): 

In the situation III ( switching over from the transistor 36 swiched on to the diode 
42 swi tched on for large currents ) it is assumed that the transistor 36 is 
conductive, that the other transistors and diodes are not conductive, and that the 
transistor 36 is switched off so that the diode 42 takes over the current . 

Detailed Description Paragraph Right (22) : 

The procedure for the situation III deviates significantly from that for the 
situation II, because the ci rnn t 72 is no longer used. In this case the current 
through the 1 oad suffices to drive the output voltage from the positive supply 
voltage value to the negative value . When the current through the transistor 36 is 
larger than a predetermined threshold value, the transistor 74 is not switched on 
but the transistor 36 is switched off directly . 

Detailed Description Paragraph Right (23) : 

The voltage at the output 46 decreases linearly in time until it drops below the 
negative supply voltage. The diode 42 is then polarized in the forward direction, so 
that it takes over the full load current . This ends the switching procedure. 

Detailed Description Paragraph Right (24) : 

The operation of the power amplifier according to the invention will be described in 
detail with reference to FIG. 4. This Figure shows a power amplifier according to 
the invention which is constructed in the form of a multilevel inverter with soft 
switching . The soft switching in this amplifier is used for swi tching over the power 
transistors as well as for swi tchi ng over the transistors for controlling the 
resonant elements for realizing the soft switching . 

Detailed Description Paragraph Right (25) : 

FIG. 4 shows a version of the power amplifier shown in FIG. 2. The transistors 100, 
102, 104 and 106 in FIG. 4 correspond to the transistors 36-1, 36-2, 38-2 and 38-1, 
respectively; the diodes 110, 112, 114 and 116 in FIG. 4 correspond to the diodes 
40-1, 40-2, 42-2 and 42-1, respectively, and the capacitors 120, 122, 124 and 126 in 
FIG. 4 correspond to the capacitors 54-1, 54-2, 52-2 and 52-1, respectively. The 
capacitor 96 in FIG. 4 corresponds to the capacitor 48-1 of FIG. 2. 

Detailed Description Paragraph Right (26) : 

The combination of the resonant switches 60-1, 60-2 and 60-3 and the capacitors 
64-1, 64-2 and 63-3 of FIG. 1 has been replaced by the ci rcui t 82. The ci rcni t 82 
consists of three parallel branches; the first parallel branch consists of a series 
connection of two transistors 84 and 86 which are connected in the same forward 
direction and constitute the resonant switches ; the second parallel branch consists 
of a series connection of two diodes 88 and 90 which are connected in the same 
forward direction and the third parallel branch consists of a series connection of 
two resonant capacitors 92 and 94 . The soft switching process in the power amplifier 
shown in FIG. 4 will be described on the basis of a switching example, in this case 
being the switching over from the diode 114 to the transistor 102 . This ptwi tching 
example is also representative of other switching situations. It is assumed that the 
current through the load 70 is constant during swi tchi ng over. 
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Detailed npRrripf inn Paragraph Right. (27) : 

It is also assumed that the transistor 100 and the diode 114 are conductive, so that 
the out-put current flows through said elements. The output current then also flows 
through the capacitor 96. The capacitor 96 serves to maintain approximately half the 
supply voltage between the emitter of the transistor 100 and the collector of the 
transistor 106, so that no more than approximately half the supply voltage can ever 
arise across each of the transistors 100, 102, 104, and 106. The transistor 104 is 
also swi tched on for reasons to be explained hereinafter, but for the time being no 
current will flow therethrough. 

Detailed Description Paragraph Right (28) : 

The switching process is started in that the transistor 84 is switched on. As a 
result, the positive supply voltage appears across the self -inductance 58, so that 
the cur-rent through the self -inductance 58 increases linearly in time. A current 
then flows from the positive side of the power supply source 50 through successively 
the transistor 84, the self -inductance 58, the diode 114, the capacitor 96 and the 
diode 110 and back to the power supply source 50; the current originating from the 
diode 114 is also branched to the load 70. Even though it looks in FIG. 3 as if the 
diode 114 is connected in the reverse direction and hence cannot conduct said 
current, said current in reality has the appearance of a decrease of the output 
current which already flows through the diode 114 and passes through the diode in 
the forward direction.) When the current through the self -inductance 58 tends to 
become larger than the current through the load 70 , the current through the diode 
114 becomes equal to zero and is taken over by the transistor 104 which thus 
switches over in response to the current zero. It is also necessary to sustain a 
current through the transistor 104, because the output voltage at the point 46 must 
be raised from half to the full supply voltage. This transition is enabled by the 
charging and discharging of the capacitors 122 and 124, respectively; this takes 
place by way of the inductive energy stored in the self -inductance 58 which, 
therefore, must be sufficient so as to increase the voltage across said capacitors 
to half the supply voltage. 

Detailed Description Paragraph Right (29) : 

When a sufficient amount of boost energy has been stored in the self -inductance 58 
so as to charge and discharge the capacitors 122 and 124, respectively, to such an 
extent that the voltage jump from half to full supply voltage can be made at the 
output 46, the transistor 104 is switched off. The boost energy stored in the 
self -inductance 58 is then used to discharge the capacitor 122 and to charge the 
capacitor 124 . A current then flows through the transistor 84 and the 
self -inductance 58, which current is subsequently branched between said capacitors 
and the load . 

Detailed Description Paragraph Right (30) : 

The resonant state is terminated when the voltage across the capacitor 122 has 
become zero and the diode 112 takes over the inductor current, so that the voltage 
across the capacitor 124 is maintained at half the supply voltage. When the voltage 
across the capacitor 122 ^has become zero, the current through/ ^the self -inductance 58 
is also maintained at the val ue of that instant. After the resonant rwi tching over, 
the boost current through the self -inductance 58 continues to flow through the 
transistor 84 and the diodes 112 and 110 . This freewheeling current is sustained for 
as long as the transistor 84 remains conductive _ 

Detailed Description Paragraph Right (31) : 

The transistor 84 is swi tched off at the instant of occurrence of said freewheeling 
current situation. As a result, the current through the self -inductance 58 is very 
quickly taken over by the diode 90. During this phase a counter voltage amounting to 
the supply voltage appears across the self -inductance 58. As a result, at a given 
instant during this phase the current through the self -inductance 58 becomes lower 
than the output current , so that the switching over from the diode 112 to the 
transistor 102 takes place naturally under zero voltage conditions. When finally the 
current through the self -inductance 58 has become zero, the diode 90 will be 
naturally switched off under zero current conditions. The soft swi tchi ng over from 
the diode 114 to the transistor 102 thus having been realized, the load current 
flows from the positive side of the power supply source 50 to the output 46 via the 
transistors 100 and 102 . 

Detailed Description Paragraph Right (32) : 

Considering the described switching example, to those skilled in the art it will be 
evident how other switching situation will be dealt with. 
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CLAIMS : 

1. A power amplifier comprising: 

a cascade of multilevel switching cells, wherein each multilevel swi tohing cell 
includes 

an input and an output, 

two controllable switches, each switch with a respective diode which is connected 
antiparallel thereto, said diodes being connected in mutually opposed forward 
directions, wherein one end of each one of the two switches constitutes the input 
terminals of the switching cell, and the other ends of the two swi tches form the 
output terminals of the switching cell, and wherein said cascade of switching cells 
is formed in that the output terminals of a preceding swi tching cell are connected 
to the input terminals of a subsequent switching cell, and 

a capacitor connected paral 1 el to each controllable switch, the power amplifier 
further comprising 

a capacitor connected between each pair of said interconnected input terminals and 
said interconnected output terminals, 

a power supply source being connec table to said cascade of switching cells, 

an inductive element, one end of which is connected to the output of the amplifier, 
and 

at least a first and a second controllable resonant switch which are connected to 
the other end of the inductive element, wherein the first one of said resonant 
switches is connected to a point carrying a voltage which is higher than the output 
voltage of the amplifier whereas the second swi tch is connected to a point carrying 
a voltage which is lower than the output voltage of the amplifier . 

2. A power amplifier as claimed in claim 1, further comprising a third controllable 
resonant swi tch which is connected to the other end of the inductive element and to 
a point carrying a voltage which is substantially equal to half the supply voltage. 

3 . A power amplifier as claimed in claim 1 further comprising a capacitor connected 
paral 1 el to each of the resonant switches . 

4. A power amplifier as claimed in claim 2, wherein the point carrying substantially 
half the supply voltage is realized by voltage division by means of two capacitors 
connected between points whereto a power supply source can be connected. 

5. A power amplifier as claimed in claim 1 further comprising: ^ 

n supply points, the i.sup.th supply point supplying a voltage amounting to 
substantially i/n times the voltage of the power supply source, and 

n controllable resonant switches which are connected to the other side of the 
inductive element, wherein the i.sup.th resonant switch is connected to the i.sup.th 
supply point . 

6. A magnetic resonance imaging apparatus comprising 

a gradient coil system for generating a magnetic gradient field in a measuring space 
of the apparatus, and 

a power amplifier for supplying the gradient coil system with power signals in order 
to generate the magnetic grarii ent field, wherein the power amplifier is as claimed 
in claim 1. 

7. The ampl i f ier of claim 2 further comprising a capacitor connecte d parallel to 
each of the resonant switches . 
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DOCUMENT- IDENTIFIER: US 6111458 A 

TITLE: Power amplifier and nuclear spin tomography apparatus employing same 
Abstract Paragraph Left (1) : 

A power amplifier has an amplifier module and a pole changer module connected to the 
amplifier module, and during the operation of the power amplifier an amplifier 
current flows in a single current direction between the ampl i f ier module and the 
pole changer module. The pole changer module optionally provides the amplif i er 
current with unchanged current direction or with reversed current direction, as 
output current of the power ampl i f ier . A nuclear spin tomography apparatus contains 
at least one such power amplifier . Such a power amplifier exhibits the required 
efficiency quantitatively and qualitatively, with low outlay and low cost. 

Brief Summary Paragraph Right (2) : 

The present invention relates to a power amplifier and to a nuclear spin tomography 
apparatus employing same. The power ampl if ier can be used in all applications in 
which high output voltages and currents must be provided, in particular for 
inductive loads . For example, the amplifier is suited for driving motors and 
actuators in automation engineering, traffic engineering and plant engineering; 
however, an application of the ampl i f i er in medical technology as a gradient 
amplifier in nuclear spin tomography (magnetic resonance, imaging) is provided in 
particular. 

Brief Summary Paragraph Right (4) : 

A nuclear spin tomography apparatus typically has an orthogonal gradient coil system 
that surrounds the patient chamber. For each gradient coil, a gradient amplifier is 
provided, via which the coil is supplied with a precisely regulated current . The 
precision and dynamic performance of the gradient current are decisive for the image 
quality. Thus, for example, our rents up to 300 A must be maintained with a precision 
in the mA range, and for the production of sufficiently steep current edges, it must 
be possible for example to apply voltages up to over 1 kV to the gradient coil . In 
addition, the output current can have only a small residual ripple. 

Brief Summary Paragraph Right (5) : 

German OS 40 24 160 discloses a gradient amplifier that has a switched output stage 
in a bridge circuit with four FET power transistors and four unbiased diodes 
respectively in parallel thereto. For each direction of the load current, two 
transistors diagonally opposite one another in the bridge ci rnii t are clocked 
periodically, and in addition two transistors connected in series in the bridge 
circuit are driven with opposite phase. 

Brief Summary Paragraph Right (6) : 

German OS 4 0 07 566, corresponding to U.S. Pat. No. 5,113,145, discloses a further 
gradient amplifier in which chokes are inserted between the bridge branches in order 
to avoid cross -currents . This gradient amplifier further has a specific construction 
for the reduction of parasitic inductances. 

Brief Summary Paragraph Right (7) : 

Due to the exacting requirements described above, however, these known gradi ent 
ampl i f i ers are very complex and expensive. High costs are caused in particular by 
the expensive components required for the amplifier, the complicated driving, the 
considerable structural size and the cooling requirements. 

Brief Summary Paragraph Right (8) : 

An object of the present invention is to provide a power amplifier which avoids the 
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problems described above and while has the required efficiency qualitatively and 
quantitatively, with a low outlay and the lowest possible cost. 

Rripf Summary Paragraph Right (9) : 

The above object is achieved in accordance with the principles of the present 

invention in a power amplifier, such as a gradient amplifier of a nuclear spin 

tomography apparatus, having an ampli f i er module and a pole changer module connected 
to the amplifier module, wherein an amplifier current flows in a single nirrpnh 
direction between the ampl i f i er module and the pole changer module, and wherein the 
pole changer module can supply the amplifier current as an output current of the 
power amplifier with a polarity which is the same as the polarity of the current 
received from the ampl i f i er module, or with a reversed polarity (reversed cur-rent 
direction ) . 

Brief Summary Paragraph Right (10) : 

The invention is based on providing an additional pole changer module, in order to 
optionally provide a n amplifier current originating from an ampl i f i er- module with 
the original current direction or with the reversed current direction as an output 
current . Surprisingly, the overall outlay for the gradient amplifier is thereby 
reduced, because the use of the pole changer module makes it possible to construct 
the amplifier module more simply for only one current direction . As stated above, 
due to the stringent requirements the outlay for the amplifier module is very high, 
so that the savings that can be achieved compensate the additional outlay for the 
pole changer module, which is of relatively simple construction. 

Brief Summary Paragraph Right (11) : 

The amplifier module is preferably constructed as a switching amplifier . In this 
case, the advantages that can be realized by means of the invention are particularly 
significant. For example, in the gradient ampli f i ers known from German OS 40 24 160 
and German OS 40 07 566, the switched output stage has two complete amplifier 
halves, each containing two active and two passive groups of components. For each 
current direction, only one of these two amplifier halves is active at a time. In 
accordance with the invention, in which the amplifier module need be constructed 
only for a single current direction, the outlay for this module, as well as for the 
allocated driver and auxiliary circuits, can be reduced by half. The amplifier 
module preferably has a bridge circuit containing only two groups of switching 
elements and two groups of unbiased diodes . 

Brief Summary Paragraph Right (12) : 

In the gradient amplifiers known from German OS 40 24 160 and German OS 40 07 566, 
additional problems occur during switching procedures in the switching bridge. In 
order to avoid a bridge short -oircui t , so-called dead times must be maintained 
between the respective edges of successive swi tohing pulses. This limits the 
controllability of the amplifier, since the modulation amplitude is significantly 
less than 100%. According to German OS 40 07 566, additional components (chokes) are 
also provided in order to avoid cross -currents . 

Brief Summary Paragraph Right (13) : 

Surprisingly, when used in a switching amplifier, the invention also solves these 
problems, since a reversal of the current direction of the amplifier module is no 
longer required. The amplifier module can be designed so that a bridge short -ci rcui t 
is not possible, and, correspondingly, no dead times must be maintained and no 
additional components are required. This is particular effective when two pairs, 
each of one active component and one passive one, are provided in the amplifier 
module. These pairs are preferably connected in parallel , and an intermediate 
circuit voltage across them. MOSFET or IGBT transistors are preferably employed as 
active components ( swi tchi ng elements) of the amplifier module. 

Brief Summary Paragraph Right (14) : 

The pole changer module is preferably constructed as a bridge circuit composed of 
four active control elements, forming two pairs, with the two control elements in 
each pair being connected in series. An ampl if ier voltage is preferably across each 
pair thus formed. A circuit of this sort enables the simple forwarding of the 
ampl i f i er current in the unmodified or the reversed current direction, by switching 
two diagonally opposed control elements into a conductive state or into a 
no n- conductive state . These operating states are designated as the swi tch - through 
mode and the reverse mode, respectively. 

Brief Summary Paragraph Right (15) : 
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The control elements or the pole changer module can eacn be an IGBT transistor or a 
MOSFET transistor as active components. In addition, an unbiased diode can be 
connected i n parallel with the switching path of the transistor. In a MOSFET 
transistor, this unbiased diode can be formed by the internal diode of the 
transistor. An integrated control module can contain a control element or several 
control elements, with the allocated unbiased diodes if warranted. Since the contrnl 
elements must cause swi tching only with the relatively low frequency of the output 
current, IGBT transistors are preferably used due to the low voltage necessary to 
make them conductive, and their high blocking ability. 

Brief Summary Paragraph Right (16) : 

A control unit is preferably provided for driving the control and swi tchi ng elements 
of the power amplifier . The control unit can be divided into several control 
modules. The division can be based on the discrete form of the control unit, or can 
be merely conceptual . 

Brief Summary Paragraph Right (17) : 

In preferred embodiments, the switch - through and reversed operation of the pole 
changer module are mutually exclusively. For this purpose, the control elements are 
preferably driven with binary signals. The changeover between the two operating 
states preferably takes place as precisely at the zero crossing of the output 
current as possible. In the ideal case, neither disturbances nor power losses arise.- 
In preferred embodiments, the zero crossing is either measured or is determined by 
the control unit in correspondence with the control signals of the amplifier module. 



Bnpf Summary Paragraph Right (18) : 

In order to avoid possible difficulties associated with driving the ampl if i pr module 
for very small amplifier current strengths and in the determination of the precise 
zero crossing time, in preferred embodiments the pole changer module is driven in 
linear fashion in a predetermined region of small output current strengths (e.g., 
from +1 A to -1 A) . In this linear operation, just as in switch - through or reversed 
operation, only two control elements of the pole changer module are respectively 
driven. The driven element, however, are not switched through, but instead act as 
controllable resistances in order to regulate the output current without distortion, 
as in a linear output stage. Since the output current is relatively low, only small 
power losses occur. 

Brief Summary Paragraph Right (19) : 

The savings achieved by the invention is particularly significant when, instead of a 
single amplifier module, the power amplifier is formed by several amplifier modules 
connected in series, to which a single pole 

Brief Summary Paragraph Right (20) : 

changer module is connected. The amplifier modules are preferably driven with 
chronologically offset pulse -width -modulation signals, in order to achieve an output 
voltage with very low residual ripple. In a further embodiment, several power f- 
amplifiers, each with a separate pole changer module, as well as other constructive' 
units (e.g., boosters), can be connected in series, and can be connected to a 
gradient coil that serves as a load. 

Drawing Description Paragraph Right (1) : 

FIG. 1 is a block diagram of a power amplifier constructed in accordance with the 
principles of the present invention, in the form of a gradient amplifier for a 
nuclear magnetic resonance tomography apparatus. 

Drawing Description Paragraph Right (2) : 

FIG. 2 shows two current curves and two control curves for explaining a first manner 
of operating the power ampl if i er shown in FIG. 1. 

Drawing Description Paragraph Right (3) : 

FIG. 3 shows two current curves and two control curves for explaining a second 
manner of operating the power amplifier shown in FIG. 1. 

Detailed Description Paragraph Right (1) : 

The gradient amplifier, shown in FIG. 1, of a nuclear spin tomography apparatus 
includes a n amplifier module 10 that is connected to a pole changer module 16 via 
connection lines 12, 14. An amplifier voltage U.sub.v is across the pole changer 
module 16, and an amplifier current I.sub.v flows between the amplifier module 10 
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and the pole changer module 16 . 



Detailed Description Paragraph Right: (2) : 

The amplif i er module 10 contains, a voltage source 18 and a switched output stage 20 
connected thereto. The voltage source 18 provides a constant intermediate circui t 
voltage U.sub.z for the swi tohed output stage 20, whereby an intermediate circui t 
current I.sub.z flows in the intermediate oi mii t formed by the voltage source 18 
and the switched output stage 20. 

Detailed Description Paragraph Right (3) : 

The switched output stage 20 contains a bridge circuit composed of two switching 
elements 22, 24 and two unbiased diodes 26, 28. The switching elements 22, 24 are 
constructed as MOSFET power transistors. The sw-i tch-i ng element 22 is connected to 
the positive pole of the voltage source 18 and to the cathode of the unbiased diode 
26 and the connection line 12 . The anode of the unbiased diode 26 and a terminal of 
the switching element 24 are connected to the negative pole of the voltage source 
18, and the other terminal of the switching element 24 is connected to the anode of 
the unbiased diode 28 and to the connection line 24. The cathode of the unbiased 
diode 28 is connected to the positive pole of the voltage source 18. The pole 
changer module 16 is connected into the bridge cross -branch of the switched output 
stage 20 via the connection lines 12, 14. 

Detailed Description Paragraph Right (4) : 

The pole changer module 16 has four control elements 30-36, arranged in a bridge 
circuit . Each control element 30-36 is constructed as an IGBT module, with an IGBT 
(insulated gate bipolar transistor) 38-44, and an unbiased diode 46-52 connected in 
parallel thereto. The two control elements 30, 32, or 34, 36, in each pair are 
connected in series, and are connected to the connection lines 12, 14. An output 
terminal 54 is connected to the control elements 30, 32, and an additional output 
terminal 56 is connected to the control elements 34, 36 via a current sensor 58. 

Detailed Description Paragraph Right (5) : 

A gradient, coil 60 that acts as a load is connected to the gradient amplifier via 
the output terminals 54, 56. The gradient coils 60 and the current sensor 58 are 
thus arranged in the bridge cross -branch of the bridge circuit formed from the four 
control elements 30-36. An output current l.sub.A flows through the gradient coil 
60, as a result of an output voltage U.sub.A across the terminals 54, 56. 

Detailed Description Paragraph Right ( 6) : 

A control unit is fashioned from two control modules 64, 66, connected with one 
another via a trunk group 62 . The control unit serves for precisely controlling the 
output current l.sub.A, according to a predetermined current curve shape or a target 
current value . For this purpose, the first control module 64 is connected with the 
gate terminals of the two switching elements 22, 24, in order to drive these with 
pul se -width modulation signals. The second control module 66 drives of the gates of 
the control elements 30-36 with control signals S.sub.l -S.sub. 4. The second control 
module 66 receives and processes an output current measurement^ value signal from the 
current sensor 58, and supplies this signal to the first control module 64 via a 
line of the trunk group 62, as an actual current value . In addition, the second 
control module 66 receives a mode signal from the first control module 64 via a 
further line of the trunk group 62, this signal indicating the operating state to be 
set for the control elements 30-36. 

Detailed Description Paragraph Right (7) : 

In FIG. 2, a target curve of the output current l.sub.A flowing through the g radient 
coi 1 60 is shown as an example. The output current l.sub.A is negative at the 
outset, and first decreases {with regard to magnitude ) to zero (time t.sub.l), and 
then increases to a positive maximum value (e.g., 300 A) . After e.g. 20 .mu.s the 
output current l.sub.A falls rapidly to zero (time t.sub.2). After this positive 
half wave of the output current l.sub.A in the time period t.sub.l -t.sub.2, there 
follows a negative half wave (time period t.sub.2 -t.sub.3). This current cycle is 
repeated continuously. 

Detailed Description Paragraph Right (8) : 

During the operation of the gradient amplifier of FIG. 1, the amplifier current 

1. sub.v flows between the amplifier module 10 and the pole changer module 16, 
according to the current curve shown in FIG. 2. The amplifier current I.sub.v is 
always positive, and thus flows only in a single di recti on . As can be seen from FIG. 

2, the amplifier current I.sub.v always agrees in its magni tude with the output 
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nirrent I. sub. A. In the time segment t.sub.l -t.sub.2, and after the time t.sub.3, 
the amplifier nirrent and the output rurrenh have the same sign, while before time 
t.sub.l and during the time segment t.sub.2 -t.sub.3 the current direction of the 
output current I. sub. A is reversed in relation to that of the amplifier current 
I . sub. v. 

Detailed Description Paragraph Right (9) : 

In order to reverse the polarity of the output current I. sub. A in a suitable manner, 
the control elements 30-36 of the pole changer module 16 are correspondingly driven 
by the second control module 66. The control signal S.sub.l applied to the control 
element 30 for this purpose, and the control signal S.sub.2 applied to the control 
element 32, are shown in FIG. 2. A high signal level causes a conductive state of 
the allocated control element, and a low signal level causes a blocking state . The 
control signal S.sub.3 (control element 34) agrees with the control signal S.sub.2, 
and the control signal S.sub.4 (control element 36) agrees with the control signal 
S . sub . 1 . 

Detailed Description Paragraph Right (10) : 

As can be seen from FIG. 2, the pole changer module 16 operates in the 
swi tch - through mode in the time period t.sub.l -t.sub.2 and after time t.sub.3. The 
control elements 30 and 36 (control signals S.sub.l and S.sub.4) conduct, and the 
control elements 32 and 34 (control signals S.sub.2 and S.sub.3) block. In contrast, 
before time t.sub.l and in the time period t.sub.2 -t.sub.3 the pole changer module 
16 operates in the reverse mode. Here, the switching states of the control elements 
30-36 are inverted in relation to the switch -through operation. 

Detailed Description Paragraph Right (11) : 

The operating state or mode to be set is indicated to the second control module 66 
by the mode signal produced by the first control module 64. The changeover times 
t.sub.l, t.sub.2, t.sub.3, . . . between the two operating states are thereby 
determined by the zero crossings of the output current I. sub. A In order to determine 
the zero crossings, the output current measurement value signal of the current 
sensor 58 is evaluated by the second control module 66. 

Detailed Description Paragraph Pight (12) : 

The ampT ifipr module 10 driven by the first control module 64 produces the ampl ifipr 
voltage U.sub.v in a known way by pulse-width modulation of the intermediate circuit 
voltage U.sub.z, in order to produce the amplifier current I.sub.v shown in FIG. 2. 
Thus, for example during the constant current maximum in the middle segment of the 
time period t.sub.l -t.sub.2, only a relatively low ampl i f i er voltage U.sub.v (which 
is essentially equal to the output voltage U.sub.A) is required to compensate ohmic 
losses in the gradient coil 60. For this purpose, the switching elements 22, 24 are 
driven with a relatively low pulse duty factor (e.g., 10%). 

Detailed Description Paragraph Right (13) : 

During the steep current increase at the beginning of the time period t.sub.l 
-t.sub.2, the switching elements 22, 2^1 are essentially constantly switched /through, 
so that the complete intermediate circuit voltage U.sub.z is across to the gradient 
coil 60 as the output voltage U.sub.A, via the switching elements 22, 24 and the 
control elements 30, 36. In contrast, during the rapid current decrease at the end 
of the time period t.sub.l -t.sub.2 the switching elements are for the most part in 
a blocking state . The magnetic energy stored in the gradient coil 60 is then fed 
back into the voltage source 18 via the unbiased diodes 26, 28, whereby the 
intermediate circuit voltage U.sub.z counteracts the current flow in the gradient 
coil 60. During the current decrease, the ampli f i er voltage U.sub.v is negative, but 
the amplifier current I.sub.v remains positive. 

Detailed Description Paragraph Right (14) : 

Drive of the amplifier module 10 during the time period t.sub.2 -t.sub.3 takes place 
correspondingly, whereby the reverse mode of the pole changer module 16, which was 
activated by the mode signal originating from the first control module 64, is taken 
into account correspondingly in driving the swi tching elements 22, 24. 

Detailed Description Paragraph Right (15) : 

The alternative construction shown in FIG. 3 is likewise based on the circuit of 
FIG. 1, but the driving of the circuit elements 22, 24 and of the control elements 
30-36 differs from that described previously. The only visible difference from FIG. 
2 is that the control signals S.sub.l and S.sub.2 are not binary signals, but rather 
analog signals, with which the control elements 3 0-36 can be operated by variation 
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of the gate-emitter voltage, as controllable resistances. Again, the control signal 
S.sub.3 is equal to the control signal S.sub.2, and the control signal S.sub.4 is 
equal to the control signal S.sub.l. 

Detailed Description Paragraph ftight (16) : 

In FIG. 3, the zero crossings of the output current I. sub. A take place at times 
t.sub.2, t.sub.5 and t.sub.8. During times t.sub.l -t.sub.3, t.sub.4 -t.sub.6 and 
t.sub.7 -t.sub.8, the magnitnrfp of the output current I. sub. A lies under a 
predetermined boundary value, here for example .+-.1 A. During these time periods, 
the pole changer module 16 operates in linear operation. That is, though the 
amplifier current I.sub.v does continue to flow through the gradi ent coi I 60 as the 
output current I. sub. A of the amplifier, with unchanged current direction (time 
periods t.sub.2 -t.sub.3, t.sub.4 -t.sub.5 and t.sub.8 -t.sub.9) or with reversed 
current direction (time periods t.sub.l -t.sub.2, t.sub.5 -t.sub.6 and t.sub.7 
-t.sub.8), according to the level of the mode signal, this amplifier current I.sub.v 
is nonetheless control 1 ed in linear fashion by the respective two active control 
elements 30, 36, or 32, 34, respectively. 

Detailed Description Paragraph Right (17) : 

For example, in the time period to t.sub.l -t.sub.2 the control elements 32, 34 are 
gradually brought from a conductive state into a blocking state (signal S.sub.2), so 
that the output current I. sub. A approximates zero in a linear and distortion- free 
fashion. In contrast, in the time period t.sub.2 -t.sub.3 the resistance of the 
control elements 30, 36 is gradually reduced (signal S.sub.l), in order to allow the 
output current I. sub. A to increase gradually. This manner of driving the control 
elements 3 0-36, which takes place via the second control module 66, avoids 
non-linearities and disturbances, which could otherwise occur in the region around 
the zero crossing, given a pure pulse -width modulation of the switched output stage 
20 with an extremely low pulse -duty ratio. 

Detailed Description Paragraph Right (18) : 

In further variant embodiments, uniform control is provided, for example, by a 
control computer executing a control program. The two control modules are then 
regarded only as a conceptual division of the functions of the control unit. In 
addition, the zero crossing of the output current I. sub. A need not necessarily be 
measured; rather, it can be determined corresponding to the drive of the swi trhi ng 
elements 22, 24. 

CLAIMS : 

1. A power ampl -i f i er comprising: 

an amplifier module, said amplifier module comprising a voltage source electrically 
connected to a switched output stage, and said switched output stage comprising a 
bridge ci rnn t having a first bridge arm containing a first switching element and a 
first recovery d'iode and a second bridge arm containing a second swi tchi ng element 
and a second recovery diode; f\ 

a pole changer module electrically connected to said amplifier module, said 
ampl if ier module producing an amplifier nirrp.nt. flowing in a single current 
direction between said ampl if i er module and said pole changer module; and 

said pole changer module comprising means for producing an ampl if ier output current 
optionally having an amplifier output current direction which is the same as said 
single current direction or which is reversed with respect to said single current 
di rection . 

2 . A power amplifier as claimed in claim 1 wherein said amplifier module comprises a 
voltage source electrically connected to a switched output stage. 

3 . A power ampl if ier as claimed in claim 2 wherein said switched output stage 
comprises a bridge ci rrui t having a first bridge arm containing a first switching 
element and a first recovery diode and a second bridge arm containing a second 
switching element and a second recovery diode. 

4. A power ampl i f i er as claimed in claim 1 wherein said first switching element and 
said first recovery diode are connected in series, at a first node, in said first 
bridge arm and wherein said second switching element and said second recovery diode 
are connected in series, at a second node, in said second bridge arm, wherein said 
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voltage source is connected across each of said first and second bridge arms for 
producing an intermediate circuit voltage across said first and second bridge arms, 
and wherein said pole changer module is connected across said first node and said 
second node . 

5 . A power amplifier as claimed in claim 1 wherein said pole changer module 
comprises a bridge oi rcui t containing four control elements. 

6. A power ampl i fipr comprising: 
an ampl if ier module; 

a pole changer module electrically connected to said ampl if i pr module, said 
amplifier module producing an amplifier current flowing in a single current 
di rent inn between said ampli f ier module and said pole changer module; and 

said pole changer module comprising means for producing an amplifier output current 
optionally having an ampli f i er output current direction which is the same as said 
single current di recti on or which is reversed with respect to said single current 
di recti on, said pole changer module comprising a bridge circuit containing four 
control elements, and said control elements comprising a first pair of control 
elements connected in series at a first node and a second pair of control elements 
connected in series at a second node, wherein each of said first pair of control 
elements and said second pair of control elements is connected across an amplifier 
voltage produced by said amplifier module, and said pole changer module having two 
output terminals respectively connected to said first node and said second node. 

7. A power amplifier as claimed in claim 1 wherein said amplifier module comprises a 
voltage source connected to a swi tched output stage, said switched output stage 
comprising a bridge circuit containing two switching elements and two unbiased 
diodes, and said power amplifier further comprising a control module for driving 
said switching elements for 

producing said amplifier current in said single current direction by pulse -width 
modulation. 

8 . A power amplifier as claimed in claim 7 wherein said control module is a first 
control module, and wherein said pole changer module comprises a bridge circuit 
containing four control elements, and said power amplifier further comprising a 
second control module for driving said control elements of said pole changer module 
to place the control elements in respective states for providing said output current 
with the same current direction as said single direction of said amplifier current 
or with a current direction which is reversed compared to said single current 

'\ 9. A power amp! i f i er as claimed^ in claim 8 wherein said output current exhibits a 

zero crossing, and wherein said \ second control module comprises mean's for driving 
said control elements either in a forwar d- conducting state or in a 1 
reverse -conducting state, with switching between said forward c ondu c t i ng state and 
said reverse conducting state occurring approximately at said zero crossing of said 
output current . 

10. A power amplifier as claimed in claim 8 wherein said control elements 
respectively comprise controllable resistances, and wherein said second control 
module comprises means for linearly operating said control elements to control the 
respective controllable resistances thereof. 

11. A power ampl if ier as claimed in claim 10 further comprising means for informing 
said second control module when said output current has a current amplitude between 
a predetermined positive threshold value and a predetermined negative threshold 
value, and wherein said second control module comprises means for linearly operating 
said control elements of said pole changer module when said output current is 
between said predetermined positive threshold value and said predetermined negative 
threshold value . 

12 . A power ampl i f i er as claimed in claim 1 wherein said amplifier module is a first 
ampl if i er module, and further comprising a plurality of additional ampl if ier 
modules, identical to said first amplifier module, said first ampl if ier module and 
said plurality of additional ampl i f i er modules being connected in series and 
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including a last series-connected amplifier module, said last series -connected 
ampl i f -i pr module being electrically connected to said pole changer module. 

13. A power ampl if ier as claimed in claim 3 wherein said first swi tching element and 
said first recovery diode are connected in series, at a first node, in said first 
bridge arm and wherein said second switching element and said second recovery diode 
are connected in series, at a second node, in said second bridge arm, wherein said 
voltage source is connected across each of said first and second bridge arms for 
producing an intermediate circuit voltage across said first and second bridge arms, 
and wherein said pole changer module is connected across said first node and said 
second node . 



14 . A power ampl ifipr as claimed in claim 6 wherein said amplifier module comprises 
a voltage source connected to a switched output stage, sai d swi tohed output stage 
comprising a bridge circuit containing two swi tch-i ng elements and two unbiased 
diodes, and said power amplifier further comprising a control module for driving 
said switching elements for producing said amplifier current in said single current 
direction by pulse-width modulation. 

15. A power amplifier as claimed in claim 14 wherein said control module is a first 
control module, and said power amplifier further comprising a secon d control module 
for driving said control elements of said pole changer module to place the control 
elements in respective states for providing said output current with the same 
current direction as said single direction of said amplifier current or with a 
current direction which is reversed compared to said single current direction . 

16 . A power ampl if i pr as claimed in claim 15 wherein said output current exhibits a 
zero crossing, and wherein said second control module comprises means for driving 
said control elements either in a forwar d -conducting state or in a 

reverse -conducting state, with switching between said forward conducting state and 
said reverse conducting state occurring approximately at said zero crossing of said 
output current . 

17. A power amplifier as claimed in claim 15 wherein said control elements 
respectively comprise controllable resistances, and wherein said second control 
module comprises means for linearly operating said control elements to control the 
respective controllable resistances thereof. 

18 . A power amplifier as claimed in claim 17 further comprising means for informing 
said second control module when said output current has a current amplitude between 
a predetermined positive threshold value and a predetermined negative threshold 
value, and wherein said second control module comprises means for linearly operating 
said control elements of said pole changer module when said output current is 
between said predetermined positive threshold value and said predetermined negative 
threshold value. 

19. A power amplifier as claimed in claim 6 wherein said amplifier module is a first 
amplifier module, and further comprising a plurality of additional ampl-i f -i pr ' ■ 
modules, identical to said first amplifier module, said first amplifier module and 
said plurality of additional amplifier modules being connected in series and 
including a last series -connected ampl ifipr module, said last series-connected 
amplifier module being electrically connected to said pole changer module. 
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TITLE: Power ampl i f i er and nuclear magnetic resonance, tomography apparatus employing 
same 



Abstract Paragraph Left (1) : 

A power ampl i f i pr has a suppl y assembly for offering an intermediate rirnii t voltage 
and an output stage connected to the supply assembly for generating an output 
voltage from the intermediate ci rnn t voltage. The supply assembly contains at least 
two voltage sources that can be optionally connected in para] lei or in series via at 
least one switch stage. A nuclear magneti r resonance tomography apparatus can be 
equipped with such a power amplifier . The power amplifier exhibits the required high 
performance capability in quantitative and qualitative terms, with low losses. 

Bri ef Summary Paragraph Right ( 2 ) : 

The invention is directed to a power ampl i f ier and to a nuclear magneti r resonance 
tomography apparatus employing same. The power amplifier can be utilized in all 
fields wherein high output voltages and currents must be offered, particularly for 
inductive loads . For example, the amplifier is suitable for driving motors and 
actuators in automation technology, traffic technology and systems technology. In 
particular, however, the ampl if ifir is suitable for use in medical technology as a 
gradient amplifier in nuclear magnetic resonance tomography (magnetic resonance 
imaging) . 

Brief Summary Paragraph Right (4) : 

A nuclear magnetic resonance tomography apparatus typically has an orthogonal 
gradient coil system that surrounds the patient volume. A gradient amplifier which 
supplies the coil with an exactly regulated current is provided for each gradient 
coil . For example, the nirrpnt through each gradient mil can reach values up to 300 
A in a predetermined current curve that must be adhered to with a precision in the 
mA range. In order to achieve the steep current edges that are also required, 
voltages of, for example, over 1000 V must, for example, be applied to the* gradi pnt 
coil. The precision and /dynamics of the gradient nurrpnt are critical for the image 
quality. Moreover, the gradient amplifier must offer adequate' jpower in order to 
accommodate the ohmic losses given a constant current flow of, for example, 300 A 
through the gradient coil , even in the case of longer current pulses . 

Brief Summary Paragraph Right (5) : 

U.S. Pat. No. 5,515,002 discloses a gradient amplifier having a supply assembly for 
offering a intermediate circuit voltage and an output stage connected to the supply 
assembly for generating an output voltage from the intermediate circui t voltage. The 
output stage is fashioned as a switched output stage employing bridge rA miit.ry, 
with MOSFET transistors being utilized as switch elements. 

Brief Summary Paragraph Right (6) : 

The intermediate circuit voltage in this known gradient amplifier must be 
correspondingly high because of the high output voltages to be achieved for fast 
current variations. Further, a high switching frequency is required in order to 
achieve the required current regulating precision given slight residual ripple. For 
these reasons, high switching losses occur at the MOSFET transistors of the output 
stage . 

Brief Summary Paragraph Right (7) : 

An object of the present invention, is to provide a power ampl if ier which avoids the 
aforementioned problems and which exhibits the required performance capability in 
quantitative and qualitative terms, with low losses. 
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Rrief Summary Paragraph Right. (8) : 

The above object is achieved in accordance with the principles of the present 
invention in a power amplifier, particularly a gradient amplifier for use in a 
nuclear magnetic rpsnnanrp tomography apparatus, having a supply assembly which 
produces an intermediate circuit voltage, an output stage connected to the supply 
assembly which generates an output voltage from the intermediate circuit voltage, 
and wherein the supply assembly contains at least two voltage sources which can be 
selectively connected in pa ra 1 1 e 1 or in series via at least one switch stage. 

Brief Summary Paragraph Right (9) : 

Because at least two voltage sources of the supply assembly are optionally 
switchable parallel or in series, the intermediate circuit voltage can be matched to 
the output voltage of the amplifier which is to be achieved. Given high current rise 
rates, there is the possibility of temporarily offering a correspondingly high 
intermediate circuit voltage by a series connection of the voltage sources. When, by 
contrast, a lower output voltage is required (possibly given a high current 
intensity) , the voltage sources can be connected in parallel. A higher on/of f ratio 
(duty cycle) of the swi tch elements of the output stage is possible as a result of 
the lower intermediate circui t voltage achieved in this way, so that significantly 
lower swi tching losses occur. Moreover, the required power is uniformly divided 
among the voltage sources, so that high continuous powers are possible. Overall, the 
inventive gradient amplifier thus exhibits considerable advantages with respect to 
dissipated power, cooling requirements, structural size and costs. 

Brief Summary Paragraph Right (10) : 

In a preferred embodiment, the supply assembly of the power amplifier is formed of a 
number of branches connected in para 11 el _ in each branch one of the voltage sources 
is connected in series with at least one diode. Each switch is preferably connected 
to opposite poles of two voltage sources. The voltage sources are preferably 
connected in series when the switch is conductive (in the momentar y direction of the 
current ) but are otherwise connected in parallel . 

Brief Summary Paragraph Right (11) : 

The supply assembly preferably includes two, three or more voltage sources that are 
driven in common in a preferred embodiment and are thus always either all connected 
in series or all connected in parallel . in alternative embodiments series and 
parallel circuitry can be used in combination so as to offer intermediate values of 
the intermediate ci rcui t voltage. Given, for example, four voltage sources, two of 
these can be connected in parallel and these pairs can in turn be connected in 
series . 

Brief Summary Paragraph Right (12) : 

In the feedback mode of the power amplifier, the magnetic energy stored in the 
inductive load can be returned to the power amplifier via unbiased diodes. The 
!\ voltage sources are preferably connected in series for faster current dismantling. 
This can ensue by including one diode in each swi tch arrangement. Alternatively or 
additionally, each swi tch arrangement can be actively driven in a feedback^ mode in 
order to connect the voltage sources in series. The combination of these two 
possibilities has the advantage that transition problems are avoided given a 
reversal of the current direction due to an activation of the switch arrangement at 
the zero-axis crossing. In preferred embodiments, the recognition of the onset of 
the feedback mode ensues with an evaluation of the current curve or by rii rect 
measurement at the swi tch devices. 

Brief Summary Paragraph Right (13) : 

In the normal mode of the power amplifier, the voltage sources are preferably 
connected in series when the output voltage to be achieved exceeds a predetermined 
threshold, and thus a high intermediate ci rcuit voltage is required. Other swi tching 
strategies are also possible, particularly those wherein a future current 
requirement or a charge condition of the individual voltage sources is taken into 
consideration . 

Brief Summary Paragraph Right (14) : 

The output stage preferably includes a switch bridge and generates the output 
voltage wit h pulse-width modulation. 

Drawing Descr iption Paragraph Right (1) : 

FIG. 1 is a bloc k circuit diagram of a supply assembly in the inventive power 
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Drawing Description Paragraph Right (2) : 

FIG. 2 is a bloc k circuit- diagram of a known output stage which can be used in the 
inventive power amplif i er. 

Drawing Description Paragraph Right (3) : 

FIG. 3 illustrates a current curve and voltage curve in the inventive power 
ampl i f i er . 

Drawing Description Paragraph Right (4) : 

FIG. 4 IS a bloc k circuit diagram of a modified embodiment of the supply assembly of 
FIG. 1. 

Detailed Description Paragraph Right (1) : 

The supply assembly 10 shown in FIG. 1 includes a first voltage source 12 for 
offering a first supply voltage U.sub.l, a second voltage source 14 for offering a 
second supply voltage U.sub.2, a first diode 16, a second diode 18 and a swi tch 
stage 20. In the exemplary embodiment described here, the voltages U.sub.l and 
U.sub.2 are equal. 

Detailed Description Paragraph Right (2) : 

A first branch of the supply assembly 10 is formed by the first voltage source 12 
and the first diode 16, whose anode is connected to the positive pole of the first 
voltage source 12. Together, the second voltage source 14 and the second diode 18, 
which has its cathode connected to the negative pole of the second voltage source 
14, form a second branch of the supply assembly 10. The two branches are connected 
in parallel and are connected to two intermediate c i r cu i t terminals 26. An 
intermediate ci rcui t voltage U.sub.z generated by the suppl y assembly 10 is across 
terminals 26 . 

Detailed Description Paragraph Right (3) : 

The switch stage 20 is formed of a MOSFET transistor 22 with an inherent diode 24 
and is connected between the two branches, to the positive pole of the first voltage 
source 12 and the negative pole of the second voltage source 14 . MOSFET modules 
suitable for the switch stage 2 0 are available, for example, under the model 
designation "Siemens BSM" . The cathode of the inherent diode 24 is connected to the 
positive pole of the first voltage source 12 and the anode is connected to the 
negative pole of the second voltage source 14. A control terminal (gate terminal) of 
the swi tch stage 20 is connected to a control unit 28. 

Detailed Description Paragraph Right ( 4 ) : 

FIG. 2 shows a known output stage 30 that is connected to the supply assemhl y 20 via 
the intermediate circuit terminals 26. The output stage 30 is fashioned on the basis 
of bridge circuitry with four bridge arms . The bridge arms respectively contain a 
switch element: \ 32-38 and diodes 40-46, with each switch element 32-38 connected in 
series with the respective diode 40-46 in the same bridge arm. The switch elements 
32-38 are MOSFET transistors that each contain an inherent diode. The four bridge 
arms are arranged in parallel and are connected to the intermediate ci rouit voltage 
U.sub.Z. The switch elements 32-38 are driven by the control unit 28, that includes 
a current regulator and pulse-width modulator. 

Detailed Description Paragraph Right (5) : 

Respective inductors 48-54 are connected to the junctions of the series-connected 
switch elements 32-38 and diodes 40-46. The inductors 48-54 are arranged in two 
pairs, with the inductors in each pair connected in series. The junction between 
each inductor pair is connected to one of the output terminals 56. A predominantly 
inductive load 58, a gradient coil here, is connected to the two output terminals 
56. An output voltage U.sub.A of the output stage 30 is across the load 58, and an 
output current I. sub. A flows through the load 58. The functioning of the output 
stage 3 0 and its structure are disclosed in greater detail in German OS 4 0 07 566 
(corresponding to U.S. Pat. No. 5,113,145), the latter of which is incorporated 
herein by reference. 

Detailed Description Paragraph Right (6) : 

All components of the gradient amplifier are wired by low- inductance ci rouit boards 
with planar conductor structures in order to avoid parasitic voltage spikes, as 
described in German OS 40 07 566 and U.S. Pat. No. 5,113,145. 
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Detail ed De srri priori Paragraph Right (7) : 

During operation of the gradient amplifier shown in FIG. 1 and FIG. 2, the control 

unit 28 drives the switch stage 20 of the supply aRRpmbly 10 and the switch elements 

32-38 of the output stage 30. When the rwi tch stage 20 (either the MOSFET transistor 

22 or the inherent diode 24) is conducting, the voltage sources 12 and 14 are 

connected in series. When, by contrast, the swi tch stage 20 is open 

( non - conduct ing ) , then the voltage sources 12 and 14 deliver the intermediate 

r-i rcu it voltage U.sub.Z in parallel circui try . 

Detailed Description Paragraph Right (8) : 

The control unit 28 determines the required output voltage U.sub.A as well as the 
operating condition (normal or feedback mode) of the power amplifier and switches 
the MOSFET transistor 22 into a conduct i ve state when either the output voltage 
U.sub.A exceeds a predetermined threshold or a feedback mode occurs. Further, the 
control unit 28 drives the rwi tch elements 32-38 of the output stage 30 in order to 
generate the output current I. sub. A corresponding exactly to a reference current 
value by pulse-width modulation. 

Detailed Description Paragraph Right (9) : 

Exemplary curves of the output current I. sub. A and of the output voltage U.sub.A are 
shown in FIG. 3. In a time span t.sub.l -t.sub.2 that, for example, can amount to 1 
ms, the output current I. sub. A in FIG. 3 rises from zero to a maximum value, for 
example +300 A. The output current remains constant in the time span t.sub.2 
-t.sub.3 and then drops back to zero in the time span t.sub.3 -t.sub.4. Further, a 
negative output current I. sub. A flows through the load 58 in the time span t.sub.5 
-t.sub.6, assuming a maximum value of, for example, -300 A at time t.sub.6. 

Detailed Description Paragraph Right (11) : 

The high current rise rate in the time span t.sub.l -t.sub.2 that requires a high 
output voltage U.sub.A exceeds the threshold prescribed in the control unit 28, so 
that the MOSFET transistor 22 is placed in its conducting state , and the voltage 
sources 12 and 14 are thus connected in series. The voltage U.sub.l +U.sub.2 (or 
2 .multidot .U. sub. 1 because U.sub.l is equal to U.sub.2) is now across the terminals 
26 as the intermediate circuit voltage U.sub.Z. The output voltage U.sub.A can be 
regulated up to the full intermediate c i rcu i t voltage U.sub.Z. 

Detailed Description Paragraph Right (12) : 

If, deviating from FIG. 3, only a gradual rise of the output voltage U.sub.A is 
required, the control unit 28 likewise doubles the intermediate circuit voltage 
U.sub.Z as soon as the threshold is exceeded. The voltage discontinuity of the 
intermediate c i rcu i t voltage U.sub.Z is immediately compensated by a corresponding 
drive of the switch elements 32-38 of the output stage 30 (reducing the active pul se 
wi dths ) , so that a linear regulation, without any discontinuities of the output 
voltage U.sub.A and of the output current I. sub. A is assured. 

f\ Detailed Description Paragraph Right (13): 

When the current rise rate fa^lls below the threshold in terms of magnitude , or when 
(in the time span t.sub.2 -t.sub.3 in FIG. 3) the current reaches the pulse maximum, 
then the control unit 28 places the MOSFET transistor 22 in a blocking state . via 
the diodes 16 and 18 acting as decoupling diodes, the voltage sources 12 and 14 are 
thus switched into the parallel mode. The intermediate ci rcu it voltage drops to 
U.sub.Z =U.sub.l =U.sub.2, resulting in significantly lower switching losses at the 
swi tch elements of the output stage 30, and the power required for the compensation 
of the ohmic losses in the load 58 is uniformly distributed between the voltage 
sources 12 and 14 . 

Detailed Description Paragraph Right (14) : 

The inductive load 58 is rapidly demagnetized (negative current ramp di/dt) in the 
time span t . sub .3 - t . sub . 4 . The magnetic energy 

(1/2 .multidot . L. multidot . I . sub. A. sup . 2) stored in the load 58 is thereby fed back 
into the voltage sources 12 and 14. A high intermediate circuit voltage U.sub.Z is 
again required for rapidly dismantling the output current I. sub. A in this feedback 
mode. Even without the intervention of the control unit 28, the voltage sources 12 
and 14 are connected in series here because the diodes 16 and 18 are blocking in the 
feedback path and the inherent diode 24 of the switch means 20 is conductive . 
Regardless of the amplitude of the intermediate ci rcui t voltage U.sub.Z, a 
continuous current regulation by pul se-width modulation of the output stage 30 also 
ensues . 
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Derailed Degcriphion Paragraph Pight (16) : 

A negative output: current I. sub. A is built up in the load 58 beginning at the point 
in time t.sub.5. Since the polarity of the output current I. sub. A is defined in a 
known way by the drive of the switch bridge in the output stage 3 0 (and the 
intermediate circuit voltage U.sub.Z always exhibits a constant polarity), the 
switch unit 20 is driven here in the same way that was set forth above for a 
positive output current I. sub. A. 

Detailed Description Paragraph Right (17) : 

As presented above, the inherent diode 24 is in a conducting stage in the feedback 
mode, so that an additional drive of the MOSFET transistor 22 is actually not 
required. If, however, a direct change from one di recti on of the output current 
I. sub. A to the other d-i recti on is to ensue, the MOSFET transistor 22 must be 
switched to the conducting state no later than the zero-axis crossing. If cut-in 
took place exactly at the zero-axis crossing, however, this would be time -critical 
and could lead to undesired noise pulses. The control unit 28 therefore always 
places the MOSFET transistor 22 into a conductive state when a voltage in the 
conducting direction is across the inherent diode 24. This avoids the problem just 
described and is possible without further difficulty since the drain- source channel 
of the MOSFET transistor 22 is conductive in both directions. 



Del-ailed Degrripti on Paragraph Right (18) : 

An alternative embodiment of the supply assembly 10 shown in FIG. 4 is expanded by a 
third branch compared to that shown in FIG. 1. This third branch includes a third 
voltage source 14' for offering a third supply voltage U.sub.3, with U.sub.l 
=U.sub.2 =U.sub.3. The third voltage source 14* is connected to the intermediate 
ci rouit terminals 26 via a further diode 18*. An additional diode 16' is connected 
as a decoupling diode between the positive pole of the second voltage source 14 and 
the corresponding intermediate circuit terminal 26. 

Detailed Description Paragraph Right (19) : 

Like the switch stage 20, a further switch stage 20' is composed of a MOSFET 
transistor 22' with an inherent diode 24' and is connected between the second and 
the third branches of the supply assembly 10, to the positive pole of the second 
voltage source 14 and to the negative pole of the third voltage source 14 ' . A 
control input of the switch stage 20* is connected to the control means 28. 

Detailed Description Paragraph Right (20) : 

During operation of a gradient amplifier that contains the supply assembly 10 of 
FIG . 4 and the output stage 30 of FIG. 2, the two switch stages 20 and 20 ? in the 
exemplary embodiment described here are always driven in common. When the switch 
stages 20 and 20 ? are conduct i ng f then the voltage sources 12, 14 and 14' are 
connected in series. The intermediate c i rcu i t voltage U.sub.Z thus amounts to 
U.sub.l +U.sub.2 +U.sub.3 or, since the voltages U.sub.l through U.sub.3 are the 
same, three times the value of any of these voltages. When the swi tch stages 20 and 
20' are open (no n-conducting ) , then the voltage sources 12, 14 and 14* act in 
paral 1 el and U.sub.Z =U.sub.l =U.sub.2 =U.'sub.3 applies. A variation of the fA 
intermediate circuit voltage by a factor of 3 is thus possible overall given the* 
circuit of FIG. 4. 

Detailed Description Paragraph Right (21) : 

In the alternative embodiments of the supply assembl ies shown in FIG. 1 and FIG. 4, 
the switch stages 20 and 20' can be formed by other suitable switch elements, for 
example IGBTs (insulated gate bipolar transistors) . Separate unbiased diodes, which 
are already inherently present in MOS field effect transistors, may possibly then be 
connected with opposite polarity for the feedback. Further, more than three voltage 
sources can be provided or the voltage sources can exhibit different voltages. 
Swi tchi ng to produce combinations of series and parallel circuitry, rather than only 
series or only paral 1 el , are also possible. 

Detailed Description Paragraph Left (1) : 

is required in order to produce the output current I. sub. A in the load 58, whereby L 
indicates the inductance of the inductive toad 58, R the ohmic resistance thereof 
and di/dt the current rise rate (steepness) . Given the example shown in FIG. 3, a 
high output voltage U.sub.A in terms of magnitude is required during the steep 
current ramps in the time spans t.sub.l -t.sub.2, t.sub.3 -t.sub.4 and t.sub.5 
-t.sub.6, whereas only a relatively slight output voltage U.sub.A for compensating 
the ohmic losses in the load 58 is required for holding the maximum value in the 
time span t.sub.2 -t.sub.3. 
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CLAIMS : 

1. A power ampl i f i pr comprising: 

a supply assembly which produces an intermediate ci mn t- voltage at a supply 
assembly output; 

an output stage, comprising a plurality of driveable swi tch elements, connected to 
said supply assembly output for generating an output voltage at an output stage 
output from said intermediate ci rcui t voltage; 

said supply assembly comprising at least two voltage sources and at least one switch 
stage, and means for optionally connecting said at least two voltage sources in 
parallel or in series via said at least one swi tched stage; and 

control means for driving said switch elements of said output stage and for 
operating said at least one swi ten stage for connecting said at least two voltage 
sources in series when a desired output voltage exceeds a predetermined threshold. 

2 . A power ampl if ier as claimed in claim 1 wherein said supply assembly comprises a 
plurality of branches connected in parallel r each of said branches containing one of 
said voltage sources and at least one diode connected in series with the voltage 
source in the branch. 

3 . A power amplifier as claimed in claim 1 wherein each of said two voltage sources 
has two poles of opposite polarity, and wherein said switch stage is connected 
between said at least two voltage sources to respective poles of the voltage sources 
of opposite polarity. 

4 . A power amplifier as claimed in claim 1 wherein said at least one swi trh stage 
comprises at least one diode for swi trh-i ng said at least two voltage sources in 
series in a feedback mode . 

5. A power amplifier as claimed in claim 1 wherein said control means comprises 
means for connecting said voltage sources in series in a feedback mode . 

6 . A power ampl if i er as claimed in claim 1 wherein said output stage contains a 
switch bridge, and wherein said output stage comprises means for generating said 
output voltage from said intermediate circuit voltage using said switch bridge by 
pulse-width modulation. 
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